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THE SUFFICIENCY OF TERRESTRIAL ROTATION FOR THE DEFLECTION 
OF STREAMS. 

By G. K. Gilbert. 

READ APRIL 15. 1884. 

It was long ago perceived that rivers of the northern hemisphere flowing to the north or to 
the south should by the rotation of the earth be thrown severally against their east or west banks. 
It is even many years since it was shown by Ferrel that these tendencies are but illustrations of 
a more general law, that all streams in the northern hemisphere are by terrestrial rotation pressed 
against their right banks, and all in the southern are pressed against their left banks, the degree 
of pressure being independent of the direction of flow. Yet the question of the sufficiency of the 
cause for the production of observable modifications in the topography of stream valleys is still 
an open one. A number of geologists have observed peculiarities of stream valleys which they 
referred to the operation of the law, while others, including myself, have looked in vain for phe¬ 
nomenal evidence of its efficiency. Nevertheless it is my present purpose to maintain the sufficiency 
of the cause. 

So far as I am aware, all those who have attempted to consider analytically the mode in which 
the lateral tendency arising from rotation should modify the channel or valley of a stream, have 
reached the conclusion that no appreciable results can be produced, and for the most part their 
conclusions legitimately follow their premises.* My own different conclusion is based upon an 
essentially different analysis of the processes involved. In the celebrated discussion of the sub¬ 
ject in the French Academy of Science, it was computed by Bertrand that a river flowing in 45° 
north latitude with a velocity of three meters per second exerts a pressure on its right bank of 
■635X9 °f its weight, and he regarded this pressure as too small for consideration.! It has been 
pointed out by Henry Buff that the deflecting force, by combining with gravitation, gives the 
stream’s surface a slight inclination toward the left bank, thereby increasing the depth of water 
near the right bank, and consequently increasing the velocity of the current at the right. To this 
increment of velocity he ascribed a certain erosive effect, but regarded it as less than that assign¬ 
able to wind-waves on the same water surface. He therefore accorded a more important influence 
to the prevailing winds than to the rotation of the earth.j: It has been held by others that the 
combination of the deflective force with gravitation is equivalent simply to a slight modification— 
so far as the stream is concerned—of the direction of gravitation; and that, the flood-plain of the 
stream having been adjusted normal to this modified direction of gravitational attraction, no other 
geological effects are produced. The last was my own view until I perceived the importance of 
certain considerations, to which I now proceed. 

The form of cross-section of a stream flowing in a straight channel depends on the loading and 
unloading of detritus, and is essentially stable. It is evident that the form of the cross-section 

*1 Have recently become cognizant of a discussion by Baines to which this sentence does not apply. See note 
to the following page. 

t Comptes rendus, XLIX, 1859, p. 658. 
t Annalen der Chemie u. Pharmacie, IV Supp. I Band. Leipzig and Heidelberg, 1865-1866. 
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controls the distribution of velocities of current within its area, and that through the interactions 
of these velocities its parts are interdependent. Each element of its curve is so adjusted to the 
adjacent current and to the detrital load of the stream that it can neither be eroded nor receive a 
deposit, and the stability of the profile depends on the fact that an element not adjusted to the 
contiguous current and load becomes subject either to erosion or to deposition until an adjust¬ 
ment is reached. The distribution of velocities within the cross-section is symmetric, the swiftest 
threads of the current being in the center and the slowest adjacent to the banks. 

If, now, curvature be introduced in the course of the channel, centrifugal force is developed. 
This centrifugal force is measured by the square of the velocity, and.is therefore much greater for 
swift central threads of the current than for slow lateral threads. As pointed out by Thomson* 
and others, the central threads, tending more strongly toward the outer bank, displace the slower 
threads of that bank, and the symmetry of distribution of velocities is thus destroyed. In other 
words, the centrifugal foree developed by curvature exercises a selective influence on velocities, 
and transfers the locus of maximum velocity from the center of the channel toward the outer bank. 
The conditions of symmetry in the profile of the cross-section are thus destroyed : the outer bank 
is eroded; a deposit is accumulated on the inner bank. Moreover, there is no compensating tend¬ 
ency to restore an equilibrium, for the erosion of the outer bank increases the sinuosity of the 
channel instead of rectifying it. 

Curvature of course thus causes a stream to shift its channel laterally, and in this manner 
enlarge its valley. It is the most important condition of lateral corrasion. 

As shown by Ferrel, the deflective force due to terrestrial rotation varies directly with the 
velocity of the stream. Therefore, it likewise has a selective influence on the velocities within the 
cross-section of the channel ; and it likewise fends to produce erosion at one side and deposition at 
the other, f For given amounts of deflective force its selective power is not the same as that 
of the centrifugal force developed by curvature of course, for centrifugal force varies with the sec¬ 
ond power of the velocity, while the rotational deflective force varies only with the first power; 
but its selective power is of the same kind, and may be quantitatively compared. For the purpose 
of this comparison I will develop an equation: 

Let F= deflective force, per unit of mass, due to rotation. 
n= angular velocity of the earth’s rotation. 
v = velocity of stream. 
A= latitude of the locality. 
p— radius of curvature of the stream’s course. 
/ = the centrifugal force, per unit of mass, developed by such curvature. 

Then 

and, from Ferrel, $ 
F=2vn sin A 

(1) 

(2) 

Let vr=velocity of a rapid-flowing thread of the current, and 
vt=velocity of a slow-flowing thread of the current. 

Represent by Fr, Ft, fr, and fa the corresponding deflective forces due to rotation and curvature, 
then 

Fr — F,=(vr — v,)x2nsinA.(3) 
and 

fr-f. W 

* Trans. Brit. Ass., 1876, Sections, p. 31. 
tThis proposition, which it is the prime object of the present paper to set forth and develop, was believed, at 

the time it was read, to be novel, hut proves to have been anticipated by more than six years. In October, 1877, Mr. 
A. C. Baines road before the Philosophical Institute of Canterbury, New Zealand, a paper “On the influence of the 
earth’s rotation on rivers,” in which he arrived, by a very different route, at essentially the same conclusion. See 
Trans. N. Zeal. Inst., X, pp. 92-96. 

t Ferrell’s equation is given on page 29, volume 31 (second series), Am. Jour. Sci. Instead of the sine of the lati¬ 
tude, here substituted, it includes the cosine of the polar distance, which is, of course, equivalent. 



SUFFICIENCY OF TERREST1AL ROTATION FOR THE DEFLECTION OF STREAMS. 9 

Fr—F, evidently expresses the. selective power due to rotation, and /'.—fs similarly expresses 
the selective power due to curvature. Where the curvature has a convexity to the right, these two 
influences conspire, and their resultant is dedueible by addition. Where the curvature has a left¬ 
ward. convexity, the influences are opposed, and their resultant is dedueible by subtraction. [The 
terminology here and throughout the remainder of the paper is adjusted to the northern hemis¬ 

phere exclusively.] 
If we represent by R the joint selective power on curvatures of right-hand convexity and by 

h the joint selective power on curvatures of left-hand convexity, then we deduce, by simple com¬ 
binations and transformations of equations (3) and (4), 

R vr + vs -f- 2 pn sin- A 

L v,. + vs — 2 pn sin A 
. (5) 

rr and vs may be the velocities of any two threads of current moving at different rates, but 
for purposes of convenience and simplification we now assume that they are symmetrically related 
to the mean velocity v : and introducing this relation in (5) we obtain 

R v + pn sin A 

L~ v pn sin A («) 

This equation expresses the ratio between the selective influences tending to determine the 
maximum velocity toward the right and left banks* respectively of a meandering stream. Since 
these tendencies result in erosion, their ratio is a function of the tendency of a stream to erode its 
right bank as compared with its tendency to erode the left. 

For the purpose of quantitative illustration, the Mississippi River will be considered. In its 
lower course the sharper bends have a radius of curvature, measured to the center of the channel, 
of about 8,000 feet. These curves, together with all other channel features, are determined by 
the water at its Hood stage. It is therefore proper to consider in this connection the mean flood 
velocity. That was determined by Humphreys and Abbot to be, at Columbus, Ky., 8.4 feet per 
second.* The latitude of the locality is 37°. Giving these values to p, v, and A, and substituting 
for n its numerical value, .000072924, we obtain from (6). 

; = 1.087. 
Ij 

The selective tendency toward the right bank is therefore nearly 9 per cent, greater than 
toward the left. 

With the elements of another stream it is probable that a very different result would be obtained; 
but this single example suffices to show that while the influence of rotation is small as compared 
to that of curvature, it is still of' the same order of magnitude, and may reasonably be expected to 
modify the results of the more powerful agent. In the present state of hydraulic science it is im¬ 
possible to define the quantitative relation between the tendency of swift threads of current toward 
a bank and the consequent erosion; but whatever that relation maybe, I conceive that rotation is 
competent to produce appreciable results wherever those due to curvature are great. 

It will be observed that the efficiency of rotation thus advocated is only in connection with, 
and as an adjunct to, lateral wear by means of curvature. There are two general cases, including 
a large share of all streams, to which the conclusion does not apply: (1) A stream which rapidly 
corrades the bottom of its channel does not notably corrade its banks; and in such case the effect 
of rotation should not be discoverable. (2) A stream engaged in the deposition of detritus, as on 
a delta or an alluvial fan, shifts its channel from side to side by a process entirely distinct from the 
one just described. It builds up its bed until it is higher than the adjacent plain, and then trans¬ 
fers its current bodily to a different course. Rotation has its share of influence in determining the 
direction of this transfer; and it thereby induces the stream to build its alluvial plain higher on 
the right than on the left; but, the difference of level having been established, the stream has 

"Humphreys and Abbot, Report on Mississippi River, p. 595, 
►3. Mis. 09 
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thereafter no more tendency to one side than the other. Deflective effects of rotation are there 
fore not to be sought in regions of alluvial deposition. 

It may be remarked also that the tendency of a stream toward one bank or the other by reason 
of curvature and rotation is often overpowered by an opposite tendency due to obstructions. 
These include resisting members of the eroded terrane, and alluvial dams deposited at one bank 
or the other by tributaries. 

A general curvature in the course of the valley through which the stream flows has the same 
tendency as does the curvature of a short bend, only in a less degree; and this tendency must in 
many instances nullify or conceal the results of rotation. 

Visible examples of the work of rotation are therefore to be sought especially in streams 
which, with courses in the main direct, are slowly deepening their valleys by the excavation of 
homogeneous material. The best locality of which I have knowledge is one to which attention was 
called by Mr. Elias Lewis, in the American Journal of Science for February, 1877, and which has 
recently been visited at my request by Mr. 1. 0. Russell. The south side of Long Island is a plain 
of remarkable evenness, descending with gentle inclination from the morainic ridge of the interior 
to the Atlantic ocean. It is crossed;by a great number of small streams, which have excavated 
shallow valleys in the homogeneous modified drift of the plain. Each of these little valleys is 
limited on. the west or right side by a bluff from 10 to 20 feet high, while its gentle slope on the 
left side merges imperceptibly with the general plain. The stream in each case follows closely the 
bluff at the right. There seems to be no room for reasonable doubt that these peculiar features 
are, as believed by Mr. Lewis, the result of terrestrial rotation. As the streams carve their val¬ 
leys deeper they are induced by rotation to excavate their right banks more than their left, gradu¬ 
ally shifting their positions to the right, and maintaining stream cliffs on that side only. 
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FROM RESEARCHES MADE AT THE ALLEGHENY OBSERVATORY BY S. P. LANGLEY, ASSISTED BY F. W. VERY AND 
J. E. KEELER. 

Read October 17, 1884. 

From the earliest ages it lias been observed that the moon’s rays bring us light, but no sensi¬ 
ble heat. When, in the eourse of time, the phenomena of nature began to be subjected to more 
exact scrutiny, it was seen that in view of the very obvious brightness of the moon, the absence of 
heat in its rays was an anomalous circumstance, and in the last century Tschirnbausen, La Hire, 
and others, with the largest burning lenses or mirrors, and the most delicate thermometers of that 
time, attempted to obtain indications of heat, but without success. As apparatus improved in 
delicacy, it began to be noticed that (on the contrary) indications of actual cold were often obtained 
when the thermometer lay in the focus of burning mirrors which concentrated the rays of the moon 
on it; its concentrated heat, if any existed, being so nearly nil, as to be overbalanced by the in¬ 
creased radiation of the thermometer toward space or to the substance of the mirror itself. Other 
observers, like Howard,* fancied they obtained signs of heat with sensitive thermometers, but these 
were doubtless due to inexperience of the precautions necessary in eliminating the effect due to the 
radiations from the apparatus itself, radiations which may give delusive indications of marked 
lunar heat or cold, according (for instance) as the screen withdrawn be itself colder or warmer 
than the thermometer by some immeasurably small fraction of a degree. We can hardly overstate 
the probability of error in such a research in any hands but those educated to multiplied precau¬ 
tions, such as were used by Professor Forbes, f who, employing a lens by which the lunar heat was 
concentrated about (!,0()0 times, still obtained no certain evidence of heat. He was able, however, 
to conclude from this negative result that the warming effect of the full moon on the surface of 
the earth would at any rate not exceed 300V00 a degree Centigrade. 

The first satisfactory evidence of actual heat was obtained by Melloni,f who, with a polyzonal 
burning lens of one meter aperture and one, meter focus, with the newly invented thermopile, in the 
clear air of Vesuvius, after due precautions against instrumental error, was enabled to announce 
that indications of heat had been obtained, though the effect was still all but immeasurably small. 
Prof. Piazza Smyth, § upon the Peak of Teneriffe, obtained also some apparent indications of heat, 
but all these measures, and a large number of others which I do not cite, including those of such 
skilled observers as Tyndall || and Huggins,lead only to the conclusion that the moon’s heat is so 
small that we can do little more than detect its existence, though M. Marie Davy** a little later 
obtains some apparent evidences of the change of heat with phase, indicating a direct effect of 
about i ooVofr degree for the full moon, which he observes is about the one-fiftieth part of that found 
by Smyth. Such was the state of our experimental knowledge of the subject until the time of the 
observations of the present Earl of Posse, which, as marking quite a new order of accuracy in lunar 
heat measurements, we reserve for a subsequent and more detailed discussion. 

* American Journal of Science, II, p. 329 (1820). 
t London Phil. Magazine, vi, p. 138 (1835). 
$ Comptes rendus, xxii, p. 541 (1840). 
vi Report of the Teneriffe Astronomical Experiment, addressed to the Lords Commissioners of the Admiralty.. 
|| Phil. Mag., IV Series, xxii (1861). 

Proo. Royal Society, vol. xvii (1869). 
** Comptes rendus, lxix (1869). 
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The amount of heat received from the moon, and the dependent question as to the tempera¬ 
ture of the lunar surface, are subjects of greater interest to us than might at first appear. They 
are even ones in which we may be said to have a material concern, for until we know the tempera-' 
tore which an airless planet* would attain in the sun’s rays, we can have no accurate knowledge 
of the extent to wh'ch the atmosphere of our own planet contributes to its heat, nor of some of 
the most important conditions of our own existence. Those conditions are only lately becoming 
known, for it has hitherto been supposed that the temperature of the earth’s surface was chiefly 
due directly to the radiation which it receives from the sun. It has been admitted, indeed, that the 
air acts to some extent in increasing the heat by hindering the radiation from the soil, but the man¬ 
ner and extent of this action have scarcely been, as it now appears, even surmised. Thus Sir John 
Herschel, distinguished as he is as a meteorologist as well as an observer, transferring to the moon 
conceptions drawn from the supposed state of things here, states that the temperatuie of the moon’s 
surface in the lunar day must rise to 300° or 300° Falir., and sink nearly as far below zero during 
the long lunar night, and the idea that the airless surface of the full moon must be intensely hot (in 
comparison with ordinary terrestrial temperatures) has since been generally accepted. Almost the 
only dissenting voice has been that of Mr. John Ericsson, who asserts that the lunar surface must, 
on the contrary, be intensely cold. In the present wriier’s opinion, the temperature supposed by 
Herschel, if it exist on the moon, will imply the presence of an atmosphere there: and if we can set 
aside the weight of traditional belief and preconceived impression the supposition that the surface 
of the moon (if absolutely airless) must be cold, even in full sunshine, is one which, however para¬ 
doxical it may appear, we are led to entertain by evidence at the command of everybody who can 
ascend high in our atmosphere. As we go up a mountain, we do not find the soil growing hotter, 
but colder, in the sunshine: and at great elevations, where the barometer is low, and we are partly 
approaching the conditions which must prevail on the moon (if airless), we find the surface covered 
with perpetual snow, even under the intenser solar blaze. The direct rays, indeed, are hotter, but 
the radiation from the soil is so far greater than below that, on the whole, with every upward 
step that diminishes the protection of our atmospheric envelope, the surface tends to grow 
colder. This is a matter of the most frequent observation. It is confirmed by the analogous 
experience of aeronauts, and it bears to my mind but one interpretation, that if we ascended 
still higher, until the air had been left altogether behind, we should find there regions of still 
intenser cold than any which we have experienced at the highest altitudes attainable by man. It 
has indeed been urged that the cold of high altitudes is largely due to the expansion of ascending 
air currents and to analogous causes, but our conclusions also rest on means which are independent 
of this hypothesis. In I88L the expedition under the writer’s charge to Mount Whitney, in the 
Sierra Nevadas, made many hundred actinometric observations at altitudes of from 3,000 to 15,000 
feet upon the direct solar radiation, and its power to heat a thermometer bulb virtually removed 
from every disturbing influence, so that it was possible to estimate the result which would follow 
if the air between it and the sun were wholly withdrawn ; the conclusion being that the tempera¬ 
ture of the surface of the earth in full perpetual sunshine would, in the entire absence of its atmos¬ 
phere, not rise much more than 48° O. over that .of surrounding space. Now, the “temperature of 
space” must be conceded to be a vague and unsatisfactory term. To give a meaning to the 
expression we must ask what final temperature the earth’s surface would attain were the sun’s 
radiation and its own internal heat wholly cut off, and it were warmed only by radiations from 
other heavenly bodies, visible or invisible, or by the dynamic effects of meteorites, &c, Pouillet’s 
conclusions are well known. The writer has reached much lower values, which he will not under¬ 
take to here state or explain. For the present purpose it is sufficient to say that, in his belief, the 
surface temperature of our planet, so far as it is due to direct solar radiation, would probably be 
such, that every liquid we know, and perhaps every gas, would exist only as a solid, though beneath 
the vertical rays of the sun. 

It is hence almost wholly to our atmosphere and its capacity (by selective absorption) of stor¬ 
ing the solar heat that, in the writer’s view, we owe the high temperature which makes ourexist- 

* Certain discrepancies between observations on terrestial and lunar radiation suggest to us, however, the possi¬ 
bility of the existence of a minute lunar atmosphere, too small for recognition by the telescope. 
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ence on the earth’s surface possible. But such conclusions are, it must be admitted, in contradic¬ 
tion not only to the statement already quoted from Sir John Herschel, but also to what has been 
regarded as direct experimental evidence as to the high temperature of the lunar surface obtained 
by the Earl of Rosse (that is, if we admit the moon to be absolutely airless, as Sir John Herschel 
assumes it; for it is not only possible, but even probable, that a gaseous envelope to the moon, too 
small to make its presence known to ordinary astronomical observation, would greatly raise the 
temperature of its surface, and the not impossible existence of such an envelope must be here 
borne in mind). 

Lord Rosse’s observations, in which, as we have already remarked, anything like quantitative 
measurement of the lunar heat has for the first time been attained, we shall proceed to examine in 
some detail. 

• ' 

ABSTRACT OF LORD FOSSE’S RARERS ON THE RADIATION OF HEAT FROM THE MOON, WITH COM¬ 

MENTS BY THE FEES ENT'WRITER. 

[Proceedings Royal Society, XVI, p. 436 (I860).] 

Tbe object of the observations discussed in this paper is the determination of what proportions the lunar radia¬ 
tion contains of— 

1. Heat coming from the interior of the moon, which will not vary with the phase. r 
2. Heat which falls from the sun on the moon’s surface and is at once reflected regularly and irregularly. 
3. Heat which, falling from the sun on the moon’s surface, is absorbed, raises the temperature of the surface, and 

is afterward radiated as heat of low refrangibility. 
The apparatus employed was a 3-foot reflecting telescope, with two small condensing mirrors and thermopiles. (A 

table of observations made at different phases of the moon is then given in the original paper.) 
Assuming that the moon is a smooth sphere * without specular reflection, we may compute, from theory, the form 

of a curve, representing the amount of heat received from the moon as a function of her phase. This curve approxi¬ 
mates to a sinuous form, having a greater curvature at the maximum or at full moon than at the minimum. The ob¬ 
servations given in the table fall tolerably well on this curve, and therefore the increase aud diminution of heat with 
the varying phase of the moon follow the same law as that of light. The heat classified uuder head (1) can have no 

existence in this case. 
We may seek to determine the relative proportions of (2) aud (3) present in the lunar radiation by experiment 

with thin plate-glass. 
About 80 per cent, of the solar radiation probably passes through glass. From direct observations it was found 

that only 8 per cent, of the moon’s rays was transmitted by the piece used in the experiment. 
From this result, and the generally accepted value of the^atio of sunlight to moonlight, we may deduce the ratio 

of solar to lunar heat radiation. To do this Lord Rosse assumes! that all luminous rays are transmitted by glass and 
all obscure rays are stopped. 

We have then (according to him) 
Percentage of luminous rays in lunar radiation 8 per cent. 
Percentage of luminous rays in solar radiation 80 per cent. 
Ratio! of solar to lunar luminous rays —800, 000 : 1. 
Ratio of total solar to total luuar radiation = 80,000 : 1. 

The correctness of the value obtained for this ratio is confirmed by other considerations: in the first place, by 

direct measurement.§ 
The sun’s rays were reduced by passing through a small aperture, and the deviation of the galvanometer con¬ 

nected with that previously found for full moon, by using the deviation produced by a vessel of hot water as a term 
of comparison. The ratio thus found was 89,819 : 1. 

We may also find a value of this ratio from theoretical considerations. To do this he makes the following assump¬ 
tions the basis of calculation : 

* Zollner has shown that the lunar surface reflects nearly like a flat disk, but the observations of Lord Rosse, 
given in the table, are subject to so great uncertainty, that they would fall equally well upon Zollner’s curve. 

tThis assumption is so far from the facts now known as to make the determination of the heat ratio depending 
upon it of little value, for it is now ascertained that in the solar-heat spectrum formed.by a glass prism nearly two- 
thirds of the energy is represented by invisible rays. 

! Lord Rossk assumes the largest known determination (800,000 to 1) as the most probable. There are, however, 
from eight to ten determinations by observers of repute, and all of them smaller; and if we take the mean of these, we 
have, as elsewhere shown, the approximate ratio 400,000 to 1. The agreement of the value 800,000 with the values 
obtained by t he other methods given, on account of the falsity of the fundamental assumption of the latter, can only 

be regarded as a coincidence. 
To the experimental determinations of the solar and hinav-heat ratio we make no objection, and they are probably 

as reliable as any others. 
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1. The quantity of heat leaving the moon at any instant may without much error be considered the same as that 
falling on it at that instant. 

2. The absorptive power of our atmosphere is the same for lunar and solar heat. 
3. As was assumed in q previous formula, the moon is a smooth sphere, not capable of reflecting heat regularly. 
Deducing a formula for the amount of the moon’s diffuse heat received by the earth and substituting in it the 

necessary values of the quantities entering, we find that the amount is rgboo of that received from the sun ; a result 
which agrees well with the previous values. 

The value of the-galvanometer deflections was obtained by comparison with a vessel of hot water, which sub¬ 
tended the same angle at the thermopile as the large mirror. It was then found (the radia ing power of the moon 
being supposed equal to that of the lampblack surface and the earth’s atmosphere not to influence the result) that a 
deviation of 90 for full moon (about the average effect) appears to indicate an alteration of temperature through 500° 
Fahr. In deducing this result* allowance has been made for the imperfect absorption of the sun’s rays by the lunar 
surface. 

These observations must be regarded as merely preliminary, and the results may be subject to revision when 
more accurate measurements are obtained. 

[Proceedings Royal Society, XIX, page 9, (1870)]. 
In the preceding paper it was shown that a large portion of the total lunar radiation consists of rays of low re- 

fraugibility emitted by the heated surface of the moon, which in the time of a complete revolution passes through a 
range of probably more than t>00° Fahr. of temperature. 

The ratio of the intensity of solar heat to lunar heat, as deduced from the observations, agreed well with values 
given by independent determinations. 

Since the last communication, more accurate measurements have been made, with results substantially the same 
as those reached in 1869. 

The glass used was found to transmit 87 per cent, of the sun’s rays, 12 per cent, of the radiation from the moon, 
and 1.6 per cent, of that from a body at 130° Fahr. 

Assumingt then that 92 per cent, of the luminous rays in either moonlight or sunlight is transmitted by glass, and 
1.6per cent, of the obscure rays transmitted, and taking 82,600 (found by direct experiment) for the heat ratio of solar 
to lunar rays, the resulting value of the light-ratio is 678300: 1, which agreeing well with the accepted value, 
shows that the heat ratio 82600 : 1 is very nearly correct. 

In these experiments the quantity measured by the thermopile was the difference between the radiation from the 
circle of sky containing the moon’s disk and that from a circle of sky of equal diameter not containing the moon’s 
disk ; no information in reference to the absolute temperature of either the moon or the sky results from them. The 
apparent temperature of the sky was found by comparisons with the radiation from blackened vessels of hot water 
at different temperatures to be from 17° to 32° Fahr. If the temperature of space be really as low as has been sup¬ 
posed, this result seems to indicate considerable opacity of our atmosphere for heat-rays of low refrangibility. 

The observations made to determine the dependence of the heating power of the moon on her altitude, and the 
law of extinction of her rays in our atmosphere, are not very satisfactory on account of changes in the sky, which 
present great obstacles to measurements of this character. 

The curve deduced in the first paper is given together with the later observations. As far as can be judged from 
so few and imperfect experiments, the maximum of heat seems to be a little after full moon. 

[Proceedings Royal Society, XXI, p. 241, (1873).] 

In this paper is given the result of receut and more careful observations made for the purpose of determining the 
dependence of the moon’s heating power upon her altitude, the curve obtained being nearly but not quite the same 
a* that found by Professor Seidel for the light of the stars, and showing a greater extinction of light than heat. By 
employing the table thus deduced, and introducing a correction for effect of change of distance of the sun, a more 
accurate phase curve was deduced, indicating a more rapid increase of the radiant heat on approaching full moon 
than was given by the formula previously employed, but still not so much as Professor Zollner gives for the moon’s 
light. At 79° zenith distance, the effect of atmospheric absorption is about one-tenth of the whole amount. Lord 
Rosse observes that this difference may be due to the fact that Seidel’s light observations were made on the stars, not 
on the moon, and that it hence does not necessarily imply a different law for the extinction of light from that for 
heat. 

From a series of simultaneous measurements of the moon’s heat and light at intervals during the partial eclipse 
of November 14, 1872, it was found that the heat and light diminish nearly, if not quite proportionally, the minimum 
for both occurring at or very near the middle of the eclipse, when they were reduced to about half what they were 
before and after contact with the penumbra. 

The probable error of a single set of 10 galvanometer readings at this time is giveu as about 19 per cent., or 
about 8.7 per cent, for the probable error of a night’s observation; but Lord Rosse concludes that so large constant 
errors were probably present, that any increase in the number of sets was almost powerless to obtain a more reliable 
result. 

* It will be seen by reference to a subsequent paper that this result is considered to be erroneous. What is meant 
by an allowance for imperfect absorption by the lunar surface is not clear. 

[The assumptions we have italicized are little nearer the truth than those of the previous paper and the result 
entitled to little more weight. 
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[Nature, XYI, p. 433 (1877). Letter by Lord Rosse, replying to M. Raillard, who attributes the reddish tinge of the 
totally eclipsed moon to self-luminosity due to the high temperature acquired under the sun’s rays, and cites 

observations of Lord Rosse in support of his views.] 

M. Raillard is mistaken in supposing that Lord Rosse estimated the temperature of the lunar surface at 500° 
Fahr. This was the range of temperature which a lamp-blackened vessel must have in order to exhibit effects similar 
to those of the moon in its different phases, deduced from early observations. More accurate observations (described 

in previous papers) sliow that this range is much more nearly 100° C., a large error having crept into the previous 
work. The observations made during the total lunar eclipse show that the diminution of heat kept pace with that of 
light. Probably not more than 5 per cent, of the heat acquired since new moon is retained till the middle of a total 
eclipse, although it has been shown that this heat has been absorbed by the lunar surface and reradiated. We must 
therefore fall back upon the usual explanation for the reddish color of the moon’s surface during a total eclipse. 

Urania I (1881). 
On comparing the heat curves between new and full moon with that between full and new moon there appeared 

no conclusive evidence that the lunar surface required time to acquire the temperature due to the radiation falling on 
it. Accordingly, observations were made at the eclipses of November 14, 1872, and August 23, 1879, but the result of 
these was to show that the decline and subsequent increase of the heat took place as rapidly as that of tbe light. 

[Nature, XXX, p. 589 (October 16, 1834). Description of observations made during the total lunar eclipse of October 
4, 1884, by Otto Boeddicker, at the Earl of Rosse’s observatory.] 

The apparatus used was the same as that already described. Clouds prevented observations until 30 minutes 
before the beginning of the total phase, when the sky became exceptionally clear. 

Two hundred and eleven readings of the galvanometer were taken, the time of exposure being 1 minute for each. 
(A curve representing these observations is given.) No observations were made during the total phase on accouut of 
the difficulty of judging when the image fell on the thermopile, but near the beginning and end of totality the effect 
was masked by the irregularities of the galvanometer, and was smaller than the probable error of observation. The 
minimum of heat seems to be later than that of light. As the moon emerged from tins earth’s shadow, so slowly did 
the readings of the galvanometer increase again that, about twenty minutes after the total phase was over, the almost 

entire absence of any effect led the observer to think that the small condensing mirrors must be covered with dew, 
which however was not the case. * 

PRELIMINARY OBSERVATIONS AT ALLEGHENY. 

OBSERVATIONS ON LUNAR HEAT. 

The first measures of lunar heat at Allegheny were made oil the evening of November 12, 
1880,t more with a view to testing the sensitiveness of the then recently invented bolometer than 
for the sake of the measures themselves. The lunar rays were concentrated upon the face of the 
bolometer by means of the 13-inch equatorial of the observatory and a smaller convex lens near 
its focus, and an average deflection of 42 divisions of the galvanometer scale was obtained. The 
exposures were made by directing the telescope upon the moon after the galvanometer needle had 
come to rest, while the telescope was pointed at the neighboring sky. 

On June 21, 1883, the bolometer and its adjuncts having been much improved in the interval, 
measurements of the lunar heat were resumed with apparatus better adapted to the purpose. The 
thick glass lenses, used in the previous experiments, absorb and reflect a large proportion of the 
already sufficiently minute amount of heat at disposal, and the rays absorbed are those whose 
presence or absence chiefly affects the conclusions to be drawn from the results of the observa¬ 
tions. In the new experiments, therefore, the dioptric system for condensing the lunar rays was 
replaced by two silvered-glass mirrors, the absorption of silver for every heat ray of the spectrum 
having been determined by previous experiments here. This absorption, as is well known, affects 
chiefly the blue and violet rays, in which but a small proportion of the total energy resides. Our 
own observations show this absorption (by silver) to be very small and nearly constant throughout 
the infra-red. The sensitiveness of the bolometer, and its accuracy, enable us, as'will be seen, to 

* Although over one fourth of the moon’s surface must have emerged from shadow at this time, it must be remem¬ 
bered that it was still covered by the earth’s penumbra, so that the small heating effect is less snrprisi ngt If the 
moon parts with its acquired heat so soon as these eclipse observations seem to indicate, it is difficult to see how the 
maximum of heat could occur at an appreciable time after full moon. It is iu any case hard to admit that this heat 
from the lunar surface, which the moon has been absorbing during many days of continuous sunshine, is parted with 
at once, the whole earthward surface of the planet cooling almost instantaneously, 

t American Journal of Science, CXXI (March, 1881). 

S. Mis. 69-3 
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obtain with a comparatively small mirror, concentrating much less heat than that dealt with by 
the 3-foot reflector of Parsonstown, ranch more consistent indications. 

The lunar rays, reflected from the 12-inch silvered mirror of a large siderostat, pass horizon¬ 
tally through an 8-incli circular aperture in the north wall of the observatory dark chamber, and 
fall upon a 10-inch concave silvered glass mirror of about 30 inches focus, mounted on a very solid 
tripod stand.* The bolometer, in a case specially designed for this work, is mounted on a sliding 
carriage directed toward the center of the mirror, so that it can be adjusted to such a distance as 
to bring the working face of the instrument into the plane of the lunar image. The bolometer 
case referred to has a series of circular diaphragms of various apertures so disposed as to protect 
the bolometer itself both from air currents and extraneous radiations, while just admitting the 
cone of rays from the concave mirror. 

This mirror is inclined slightly to the incident rays, so that the bolometer can be placed a little 
to one side of the large aperture in the wall and not obstruct them. The lunar image can then be 
adjusted by means of the milled headed screws, by which the mirror is secured to the vertical plate, 
so as to fall truly on the bolometer strips before observation, and afterward in actual observation 
be carried on or off by a motion of the siderostat mirror outside, or by the moon’s own motion in 
the heavens. In either case no screen is interposed, and no alteration in the relation of the radiat. 
ing objects around takes place in reference to the bolometer, which experiences no changes, except 
those which come from its alternate exposure to the moon and the neighboring sky. 

The lunar image is about 0.2G inch in diameter, and when properly directed is received by 
the working face of the bolometer, which it very nearly covers ; hence it will be seen that (neglect¬ 
ing the absorption of the mirror, which is very small for invisible heat rays), remembering that only 
eight inches of the mirror’s diameter is utilized, the intensity of the lunar heat was increased from 
780 to 1,050 times, according as the distance of the moon from the earth varied. On a clear night 
with a full moon, and the galvanometer in its condition of then greatest sensitiveness, a deflection 
of 300-millimeter divisions of its scale could be obtained (in 1883), but toward the close of 1884, with 
still further improvements in the apparatus, this limit was much exceeded. 

The “exposures” in later and adopted measures were only made, as we have said, by moving 
the image of the moon on and off the strips of the bolometer, by slightly inclining the siderostat 
mirror, thus simply replacing the image of the lunar surface by one of the adjacent sky. This was 
readily effected by means of a pulley on the azimuth screw of the siderostat from which a cord led 
into the building. 

This method, we repeat, leaves the radiation from the apparatus itself unchanged by the 
introduction of the lunar heat, and avoids the disturbing influences which come from the interpo¬ 
sition and withdrawal of a screen. Other methods, however, were tried in these earlier experi¬ 
ments, such as that of displacing the image by turning one of the screws of the concave mirror 
mount. This method, though sometimes yielding identical results, was found to be liable to errors, 
as was also that of the use of a screen, and in a still greater degree. It is not always easy to point 
out the exact nature of the error introduced in these delicate determinations, but we will give some 
of these preliminary observations to show the nature of the discrepancies presumably due to such 
methods of exposure, t 

The character of the lunar energy, as compared to the solar, was first investigated as in Lord 
Rosse’s experiments, by determining the relative transmissibility of the lunar and solar rays, as a 
whole, by certain pieces of glass, which were interposed in the path of the rays immediately in 
front of the bolometer case. Four pieces of glass were used for this purpose. The first was a 
disk 4.2 millimeters thick, of the same glass as the prism made by Adam Hilger, of London, used 
in a previous determination of wave-lengths in the infra red of the solar spectrum ; the second was 

* See Plate l, where M is the concave mirror; B, the bolometer; C, the cable connecting it with the galvanom¬ 
eter; G, the place at which the glass is interposed. 

tTlie apparatus above described, as employed in 1883 and the summer of 1884, is substantially the same as that 
used in the later lunar heat measures, the chief improvements, since it was completed, having been made in the gal¬ 
vanometer and other electrical adjuncts of the bolometer. For a description of this instrument the reader is referred 
to earlier papers by the writer in the Proceedings of the American Academy of Arts and Sciences, xvi, 1881, and the 
American Journal of Science for March, 1881, and to details given later on in the present memoir. 
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a piece of plate glass (“A”) 6.9 millimeters thick, apparently of English make; the third (“B”) a 
piece of American plate glass, slightly greenish in hue, 6.6 millimeters thick, and the fourth a large 
pane of American window glass of good quality. 

On July 9, 1883, October 4,1884, and November 26, 1884, the diathermancy of these specimens 
of glass was determined for solar rays. The values obtained were : 

Per cent. 

For the Hilger glass.. 86 
For Glass A.... 86 
For Glass B... 77 
For the large pane... 76 

the zenith distance of the sun being about 50°, or in the last case over 60°. 
We have not as yet reduced these observations taken at somewhat different altitudes of the 

sun and moon to one common altitude, because it is sufficiently obvious from a comparison of the 
above figures without such a reduction with those indicating the absorption of the lunar heat by 
the same specimens of glass, that these absorptions are strikingly different in the two cases, and 
far more so than any difference in the altitudes of the bodies under consideration can account for. 
We will pass, then, to our preliminary observations on this unequal absorption before introducing 
small corrections which would be superfluous at this stage of the inquiry. 

Preliminary measurements were made in pursuance of this system on the night of June 21, 
1883, when all atmospheric conditions appeared to be favorable. A screen was, however, employed 
on this night to cut off the lunar rays, and the exposures made by withdrawing it (a method not 
capable of giving exact results). 

If the glass be interposed while the lunar rays are falling on the bolometer, radiations from or 
to its substance will in general be confused with the effect to be studied, and further the radiations 
of low refrangibility from surrounding objects, such as those from the substance of the condensing 
mirror, will be cut off by it. It is always a condition of good observation, then, that the glass be 
placed in front of the bolometer and the instrument allowed to register its separate effect before 
the lunar rays are allowed to fall upon it; and this method has always been used. 

It was found from the series of observations that the percentage of the total lunar heat trans¬ 
mitted by glass A was 70 per cent, and from a second series 54 per cent., giving a mean for glass 
A of 62 per cent. 

For the percentage transmitted by glass B were obtained the values 60 percent., 46per cent., 
and 58 per cent., giving a mean of 55 per cent. 

The discrepancies in these preliminary results were partly due to the above-mentioned 
erroneous method of exposure by withdrawal of a screen, but also to the difficulty of telling when 
the lunar image was exactly coincident with the bolometer face, since, when this was not the case, 
part of the heat was wasted and the deflection obtained too small, and the eye could not be 
safely brought into a position where the strips could be seen, since then the radiation from the ob¬ 
server’s face gave a large deflection. This difficulty was subsequently overcome by placing a large 
sheet of glass behind the mirror, through which the observer could regard the bolometer strips 
without producing any disturbance of the galvanometer, the radiations from his face being com¬ 
pletely intercepted by the glass. The conclusion, apparently resulting from the preliminary ex¬ 
periments where a screen was used, is that the specimens of glass appeared to transmit the greater 
part of the moon’s rays; but that the apparent transmission of the glass should be greater when ex 
posure is made by the withdrawal of a screen may be inferred from the following considerations. 
The screen is in general warmer than the external air, and if withdrawn while the bolometer was 
directed to the sky near the moon, a negative deflection of the galvanometer would be produced. 
When the screen is withdrawn while the bolometer is directed upon the moon, the heating effect of 
the latter is partly counteracted by the cooling effect of the sky or air between us and the moon, 
and the deflection obtained is smaller than that which would have been produced if the bolometer 
had been continuously exposed to the radiation from the sky. When, however, the glass is inter¬ 
posed, it forms a barrier to the interchange between outside objects of low temperature and the 
bolometer, and nearly the same deflection is obtained whether a screen is used or not. By the use 
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of a screen, therefore, the apparent transmission of lunar heat by glass is larger than it otherwise 
would be. * 

These and other preliminary observations, then, are not used in the final results, but it has 
been thought worth while to refer to them to indicate some of the subtle causes of error which 
beset the commencement of such a research. 

SUBSEQUENT OBSERVATIONS ON THE TRANSHISSIBIL1TY OF GLASS FOR LUNAR RAYS. 

In October, 1884, these observations were again taken up and the transmissibility of the same 
pieces of glass redetermined. 

The method of procedure was as follows: The apparatus being in adjustment and the galvano¬ 
meter needle in a position of equilibrium, the lunar image was thrown on the bolometer by turning 
one of the concave-mirror screws, and the deflection of the galvanometer noted. Then the lunar, 
image was thrown off the bolometer, and the new position of equilibrium noted, to which the gal¬ 
vanometer needle returned. This was generally slightly different from the original position. 
From these readings was obtained the effect of the uninterrupted lunar beam. A piece of glass 
was then interposed immediately in front of the bolometer case, and after the galvanometer needle 
had taken up a new position of equilibrium, caused by the alteration of conditions in regard to 
its thermal exchanges with the glass itself and with outside objects, the same operation was re¬ 
peated, and the effect of the lunar ray obtained after it had suffered reflection at the surfaces and 
absorption in the substance of the glass. The following results, which are the means of repeated 
observations, were obtained by the writer under favorable conditions, except that exposures were 
made by touching the adjusting screw of the concave mirror, instead of that of the siderosrat 
mirror. The image of the moon is thus replaced by that of the neighboring sky, but since the 
concave mirror is within the building, an alteration of the thermal conditions may be produced by 
an increased reflection of heat from the walls of the apartment in the mirror. 

* To put tliis into symbolical form, lot C = the amount of heat received from the walls of the bolometer case, s — 
the heat received from the screen, g = the heat received from the substance of the glass, S — the heat received from 

the sky, r/n = the portion of lunar heat transmitted by glass, and m2 = the portion of lunar heat absorbed by glass. 
First step of observation.—The bolometer is exposed to the radiation from the screen, which is interposed betw> eu 

it and the sky. The heat received is then C -f- s. 
Second step of observation.—The screen is then withdrawn and the bolometer exposed to the moon. The heat re¬ 

ceived is C -f- ?)ij + »t2 -f- S. 
The deflection of the galvanometer which is produced is due to the difference between these two amounts of heat 

or to mi + m2 -f- S — s. 
Third step of observation.—The screen is again interposed, and the plate of glass, completely cutting off the radia¬ 

tion from the screen, is placed in front of the bolometer, which then receives the amount of heat C + g. 
Fourth step of observation.—The screen is now withdrawn and the bolometer again directed toward the moon. The 

heat from the sky, S, which consists entirely of radiations of long-wave length, is also completely cut off by the glass, 

and the amount of heat received by the bolometer is C -f- m2 -f- g, so that the resulting deflection of the galvanometer 

is proportional to (C + m2 -f g) — (C + g) = m2. 
The ratio of the two deflections obtained as above is the apparent transmissibility of glass for lunar heat, and it 

is therefore 

m 2_t 
nii +w2 + 6’ — s 1 

If observations had been made without the use of a screen, by moving the siderostat mirror, the transmissibility 

would have been 
nh_ 

mi 4- nii 

The quantity of heat, S, depends upon the apparent temperature of the sky; that is, upon the temperature of the 

external air, aud as this, except in an unusual combination of circumstances, is lower than the temperature inside 

the building, S — s is negative, and consequently t\ t2. 
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Measurements. 

Radiation measured. Deflection. Amount 
transmitted. 

260 
70 

230 
69 

234 
' 77 

237 
64 

233 
71 

238 
62 

236 

With Hilger glass interposed. 
. 

.29 

.30 

Glass B. 
Direct heat. 

.33 

Glass B . 
Direct heat. 

. 
.27 

Glass A. .30 

.26 
Direct heat. 

From these measurements it was concluded that the Hilger glass transmitted 29 per cent., the 
glass A 28 per cent., and the glass B 30 per cent, of the lunar radiation under the conditions in 
question. 

A similar series of excellently accordant observations on the same evening by another observer 
placed the transmissibility of the Hilger glass at 27 per cent., of glass A at 27 per cent., and of 
glass B at 2G per cent. 

The most striking feature about these results is their very fair agreement among themselves 
and yet their discordance with the previous measures of June 21, which also exhibit no striking 
discrepancies of an order equal to that existing between the two sets of measurements. It 
was therefore concluded that this discrepancy was in all probability chiefly due to purely local 
causes affecting the condition of the apparatus at the time of experiment, which we have reason to 
believe is in a large measure accounted for by the differing methods of exposure, and at the follow¬ 
ing lunation the measures were repeated, varying these conditions with especial regard to the fol¬ 
lowing points: (1) Temperature of different portions of the apparatus, particularly of the large 
concave mirror; (2) temperature of the glass ; and (3) place at which the glass was interposed. 
For the purpose of varying the latter condition, the large pane of window glass, already referred 
to, was fixed in a frame so fastened to the large flat of the siderostat that the lunar rays incident 
on the flat were first obliged to pass normally through the glass, without, however, being inter¬ 
cepted by it 011 their way to the aperture in the wall of the building.* The glass could be instantly 
withdrawn from the frame when desired and interposed immediately in front of the bolometer as 
in previous experiments, or elsewhere in the path of the rays. These later experiments were car¬ 
ried out with all due precautions, exposures being made only by inclining the siderostat mirror by 
means of its azimuth motion in the manner previously described. The transmission of the large 
pane for solar rays was determined with special care by a long series of observations, and was 
substantially the same as that given by former measures. The same apparent transmissibility was 
found for all positions of the glass, whether in the open air above the siderostat mirror or imme¬ 
diately in front of the bolometer case inside the building. 

Experiments on the effect of varying the temperature of the glass and concave mirror by 
warming were only partially successful, since the immediate effect in either case was naturally 
that the progressive cooling of the heated object produced a violent “drift” of the galvanometer 
needle, so that measurements could only be resumed when the temperature had fallen nearly to 
that of the surrounding objects. Within this limited range of temperature, however, the trans¬ 
mission of the glass did not appear to vary as it presumably would have done had there been any 
change in the hygrometric condition of the surface of the plates or other disturbing cause. 

* Since glass is athermanous to radiations from sources of such temperature as the bolometer strips or the walls of 
the room, its position with reference to these might (conceivably) affect the result. Although the mode of observa¬ 
tion was calculated to eliminate any such effect, the experiment of placing the glass outside the building was there¬ 

fore tried. 
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For the transmission of the large pane for lunar radiation were obtained the values: 

. Per cent. 

Mean of observation of November 2G.  12. 2 
Mean of observation of December 2.   14. 5 
Mean of observation of December 3.   14. 9 

Mean of all. 13. 9 

(the moon’s zenith distance being about 45°.) 

Observations on the variation of the coefficient of transmissibility of the lunar rays at differ¬ 
ent altitudes of the moon have been made at every opportunity, but the results are so dependent 
on fluctuations in our atmospheric conditions that they are at present only to be interpreted as 
showing that, if there be a difference in transmissibility of glass for lunar rays at different altitudes 
of the moon, this difference is not a conspicuous one. 

Among the substances, whose power of transmitting the lunar radiation was tested, was a very 
thin disk of polished ebonite (thickness = 0.28 millimeters) through which the moon, when viewed 
with the naked eye, appeared of a dark-red color. It was found by experiment with the bolometer 
that this ebonite disk transmitted G.9 per cent, of the moon’s rays. Its transmission of the solar 
rat>s was 32.4 per cent. The transmission of the large pane for solar rays was also carefully rede¬ 
termined, with the following results: 

Per cent. 

Mean of observation of November 26... 75. G 
Mean of observation of December 3...... .. 75.1 

These values are quite in accordance with those previously given. 
All of the later and more careful observations show, therefore, that, whereas nearly 7G per 

cent, of the total apparent solar radiation is transmitted by the large pane of glass, only about 14 
per cent, of the total apparent lunar radiation is transmitted. 

PRELIMINARY PROTOMETRIC OBSERVATIONS IN 1883. 

The low transmissibility by glass which the lunar rays have been shown to possess by the 
experiments described in the first part of this paper is quite confirmatory of the experimental 
results of Lord Rosse, though not necessarily of his inferences from them. As we shall see, it 
may be partly accounted for by the supposition that the rays which reach us have suffered selective 
reflection at the surface of the moon. It is quite evident that, if selective absorption of heat take 
place, we ought to see it in the study of those heat rays which are also seen as “ light.” Moreover, 
as rays emitted from a source even of the temperature of boiling water can have nothing to do with 
vision, we shall not be liable to confound what we see with any effect due to radiation from the lunar 
soil, for what we thus observe must be due to reflected heat only (since “light” and “heat’’are 
but names given to different manifestations of the same energy). Accordingly, if photo-spectro- 
metric observations on homogeneous rays show a progressive selective reflection such that rays of 
low wave-length (such as are more absorbable by glass) are present in greater proportion after 
reflection from the moon than before, we shall undoubtedly be justified in concluding that the 
effect observed by Lord Rosse is in part, at any rate, due to this cause, and not necessarily to the 
presence of heat of low refrangibility radiated from the lunar soil. From the fact that the lunar 
light is not white like the sun’s, but yellowish (Sir J. Herschel compares the moon’s surface to that 
of sandstone rock), it was antecedently probable that such was the case. The fact has indeed been 
independently determined, but the writer was not familiar at this time with the work of others in 
this direction. The following apparatus, which was fitted up in June, 1883, was employed in the 
months of June, July, and October of that year for photometric comparisons of moon and sun 
light. It is not described more minutely because all the observations were afterward repeated 
with an improved form of it hereafter described. 

The lunar beam, reflected from the siderostat mirror, passed into the dark room, fell on a 
silver-on-glass mirror of seven inches aperature and five feet focus which formed a lunar image on 
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the lower half of a slit, whence the light passed through a collimating lens, and fell upon a large 
Rutherford grating of 17,296 lines to the inch, whose diffracted rays were viewed by an observing 
telescope. The inclination of the grating was determined by a graduated circle and vernier, so 
that by use of the customary formula the exact wave-length of the color or line in the center of the 
field could be computed. On the upper part of the slit was a prism of total reflection which brought 
in the rays from an Argand burner arranged to slide at right angles to the axis of the collimating 
telescope along a graduated scale. The amount of gas supplied to the burner was controlled by a 
meter. Accordingly, a spectrum from a flame of standard and constant brightness was formed by 
the same grating in juxtaposition to the lunar spectrum immediately under it in the apparent field 
and viewed by the same eye-piece. The lamp was now withdrawn or approached until some par 
ticular wave-length (e. g., the yellow about (KG) was judged to be of like strength in either spectrum. 
Under these conditions if the grating was rotated so as to bring in more of the blue end of both 
spectra, the moonlight spectrum grew constantly brighter relative to that of the gas light, so that 
it was necessary to strengthen the latter light to re establish equality. The field was limited by a 
diaphragm to a narrow strip of both spectra, whose edges were brought as closely into juxtaposi¬ 
tion as possible, and numerous series of comparisons were taken throughout the visible spectrum, 
which after the requisite corrections and reductions gave the relative intensity of the lunar spectrum 
in each part to that of the gas. The same apparatus was used for the solar comparison in the same 
way, except that the stronger sunlight was allowed to enter through a smaller aperture and was 
diffused, instead of concentrated, by being allowed to fall on a convex silvered mirror. It was 
evident that the proportion of blue in the sunlight was greater than in the moonlight, as the fol¬ 
lowing results show. 

Observations of Jane 20th to 22d. 

(Corrections for altitude have not been applied.) 

For wave-length a .474, sunlight 2,483,000 times moonlight. 
For wave-length .581, sunlight 332,140 times moonlight. 
For wave-length .025, sunlight 30,600 times moonlight. 

These comparatively rough preliminary values are not believed to have any great quantita¬ 
tive accuracy, but they at least show clearly that there is selective absorption of light (and hence 
of heat) throughout the visible lunar spectrum, of such a kind that the rays less transmissible by 
glass will be found (so far as our investigation extends) in greater proportion in moon heat than 
in sun heat, irrespective of any question as to sensible radiation from the lunar soil. It was 
evident that the photometric method wTas liable to error considerable enough to make very con¬ 
siderable discrepancies between the work of careful observers, and the general results only are 
given above, because the work of 1883 was supplemented by a more careful series of observations 
in 1884, which we now proceed to give in detail. 

GENERAL CONSIDERATIONS. 

Zollner has shown that, owing to the irregularities of its surface, the full moon does not 
reflect as a smooth sphere would do, but very nearly as a fiat disk of like reflecting power, and 
filling the same angle. Such a disk, if it presented, as seen from the earth, the mean semi- 
diameter of 15' 35", and if it diffused all the solar energy which fell on it,* would send to us 
¥7300 of what the sun does, which is the portion of the solar energy which we should receive from 
such a moon, reflecting perfectly (not specularly, but in all directions) all the solar euergy which 
fell on it. The moon, however, is far from being a perfect reflector. The color of its surface is 
comparable (as we recall) to that of sandstone rock, and hence it must reflect selectively, and, as 
far as we can see, in such a manner that the longer wave-lengths are in larger proportion in the 
reflected than in the original solar beam, in which, roughly speaking, the luminous energy is 
about one half of the nou-luminous or dark heat. Since the moon then only imperfectly re- 

* Considerable difference may exist even in values obtained from such geometrical considerations. Thus Lam¬ 
bert’s formula gives the number which is uearly that used by Lord Rosse; and George P. Bond (Memoirs of 
American Academy, vol, viii) uses the value ts-oVu, where we have taken Trjnnr- 
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fleets or diffuses, part of the solar energy must be absorbed and re-radiated as dark heat. We 
make no doubt, then, that the lunar soil radiates heat toward space. The real questions at 
issue are “At what temperature does it so radiate?” “Can we have any experimental knowl¬ 
edge of such dark heat radiation at the earth’s surface?” If we suppose, for instance, the lunar 
soil to be heated by the sun 50° C. above the temperature of surrounding space, then in the case 
of this very considerable supposed heating effect, the moon’s surface will remain far below zero 
in the sunshine, and though it may be said in one sense to radiate heat to the earth, yet since it 
is in this case below the mean temperature of the earth’s surface, we should obtain no sensible heat 
from it, even were our atmosphere altogether absent, while the actual presence of our atmosphere, 
athermanous, as it is generally believed to be to such radiations, would render their determination 
hopeless. Whether the moon be a perfectly diffusive body or the actually imperfectly diffusive 
one, we get the same amount of heat from it; for it will Anally attain a condition of heat equilibrium 
in which it will send away as much as it receives. In the first hypothesis, what it sends away will 
be purely reflected or diffused energy, of wave-length corresponding to what it has received from 
the sun; in the second hypothesis, the radiant energy will be partly reflected, and partly that of 
much lower wave length emitted by the soil. The second hypothesis, doubtless is the true one; 
but the question before us is, “Is this re-radiated heat sensible?” 

From the fact that the lunar energy appears less transmissible by glass than the solar it has 
been assumed that the entire effect is due necessarily to a large heat radiation from the lunar soil, 
which our atmosphere transmits and the glass stops. Before we accept this hypothesis we must 
repeat that it does not necessarily imply this, for we have only to suppose the selective reflection 
exercised oil the solar rays at the surface of the moon to be such as to send us in the reflected rays 
an undue proportion of those which glass absorbs, to account, at least in part, for the observed 
effect. We will pass, therefore, to a series of observations which show more clearly than any yet 
given that a selective absorption of such a character does actually take place. 

PHOTOMETRIC OBSERVATIONS IN 1884. 

Comparative photometric measures of the intensities of solar and lunar rays are of im¬ 
portance, as we have seen, to our heat determinations, and especially is this the case when 
such measures are combined with others.(to be shortly given) of the comparative amounts of heat 
received from the sun and moon. The complete knowledge desirable would tell us of the special 
ratio of each separate heat or light ray, but even a knowledge of the ratio of the total sun¬ 
light to moonlight and the total sunheat to moonheat will be valuable. If, for instance, it 
were found by purely optical means that the intensity of sunlight was in times that of moon¬ 
light, and by an instrument like the thermopile or bolometer, in which the registered effect of 
the radiation is proportional to the amount of energy which resides in it, that the heat received 
from the sun was only n times that from the moon, even such a result would enable us to draw 
some inference as to the general character of the lunar energy, and hence of the conditions of tem¬ 
perature of the moon’s surface. For, in the case above stated (supposing m>n), the given relation 
between the light and heat ratios could be explained onty on the supposition that the energy was 
distributed differently in the two spectra, a larger portion of that residing in the lunar rays being 
unable to produce any physiological effect when received upon the retina or incapable of being in¬ 
terpreted as light, and hence that the surface of the moon had either selectively reflected the solar 
rays or had added to them radiations from its own substance indicative of a considerable individual 
temperature. We have seen, however, that a difference in the direction of the above supposition 
is to be expected from the effects of selective reflection at the moon’s surface. 

The chief objection to such a comparison between the light and heat ratios of the sun and 
moon is the difficulty of making the necessary measurements with the requisite degree of accu¬ 
racy; so that, unless the difference were extreme, it would be masked by the effects of the errors 
of observation. The photometric comparisons are generally made with the aid of an artificial 
source of light of intermediate brightness, which at once introduces a considerable degree of uncer¬ 
tainty into the problem on account of its variations in intensity. Differences in altitude and 
changes in the state of the atmosphere have also great influence upon the result; and it has been 
shown by the writer how great is the difficulty of making certain allowance for the effect of these 
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unequal circumstances by processes of mathematical computation. Even for the relative total 
brightness of the sun and moon very discrepant results have been reached, which may be best 
exhibited in the form of a table of the principal determinations. 

300, 000 : 1 
400,000 : 1 
300,000 : 1 
801,000 : 1 
480,000 : 1 
618,000 : 1 
350,000 : 1 
70,000 : 1 

(Lambert.) 
(Lambert, allowance made for various errors.) 
(Bouguet, Essai d’optique, &c.) 
(Wollaston, Phil. Trans. (1829), vol. 8.) 
(Bond, Memoirs American Academy, vol. 9.) 
(Zollner, Photometrische Untersuchungen, p. 105.) 
(W. H. Pickering, Pr. Amer. Academy, 1880.) 
(Sir William Thomson.) 

There has been no essential improvement in such photometric processes as are here in ques¬ 
tion since the early measures by Bouguer and Lambert. Zollner’s are perhaps made with more 
care than others, but giving all these values equal weights, we have 405,800 : 1 as the mean ratio. 
It is sufficiently evident that the limits of error are here wide, and we shall adopt 400,000 to 1 as 
the most probable value. 

Recurring now to the comparison of separate spectral rays in sunlight and moonlight, we 
find that investigations have been independently made by two competent observers. 

In those of W. H. Pickering,* in which light from various sources was compared with that 
from a standard Argaud gas-burner at four different parts of the spectrum, there is a very great 
preponderance of violet in the solar rays as compared to the lunar. It is possible that the differ¬ 
ence is too great, but we have already remarked upon the extreme difficulty of real accuracy in 
such determinations, and our own earlier observations are of a like order of discrepancy. 

Dr. H. C. Vogel,t compared, by means of a spectro-photometer, in which'a petroleum lamp 
served as a standard, moonlight and sunlight which had been reflected from various kinds of rock. 
As a result he found that a selective absorption of the more refrangible rays of the spectrum took 
place on reflection of the solar rays by the surface of the moon, although not sufficiently pronounced 
to indicate any very decided color in the substance of which it is composed. The moonlight agreed 
best with sunlight reflected from yellowish gray sandstone. 

The spectro-photometer used at Allegheny in the later observations (in 1884)f to determine 
the amount of the selective reflection under consideration was the result of the experience ob¬ 
tained-in 1883, and at the same time not dissimilar in principle to those employed in the researches 
of Vogel and Pickering, the brilliancy of the two spectra being compared at different points bj^ 
means of an artificial source of light of supposed constant intensity. This artificial source was a 
kerosene lamp iu which the oil was kept at a constant level, with Argand burner, and screens so 
placed before the glass chimney as to limit the effective part of the flame to a cylindrical portion 10 
millimeters high, taken where it was brightest. The lamp was trimmed and cleaned before each set 
of observations, and although the constancy of its light seemed to be all that was desired, the 
quality was so different from that of either of the two heavenly bodies to be compared that the 
accuracy of the observations was not so great as would have been obtained if a source like the 
electric light, for example, had been used. 

In order to carry out the measurements, the intensity of the sunlight had to be diminished, 
and that of the moonlight increased until they were both comparable with the standard. In doing 
this no attempt was made to determine the amount of diminution or increase, although a rough 
approximation to this is possible, but as only relative brilliancies in different parts of the two 
spectra were desired, attention was mainly paid to securing a convenient intensity in the light to 
be compared. 

Plate 2 represents the arrangement of the apparatus. The light, reflected horizontally by the 
12-inch silvered mirror of the siderostat, enters the dark room by an aperture, A, in the north wall. 
Here, if it is sunlight which is being compared, all is stopped except what passes through a small cir- 

* Proc. Amer. Academy, 1880, p. 236. 
t Monatsberichte d. Konigl. Akademie d. Wissenschaft z. Berlin, Oct. 21, 1880. 
t These observations were conducted by Mr. J. E. Keeler of this observatory. 

S. Mis. 69-4 
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cular aperture 4.86 millimeters in diameter, in the center of a cap covering the object-glass of a small 
telescope, JD, of about 520 millimeters focus. On leaving the eye-piece of this telescope the sunlight 
is spread out into a diverging cone of rays, which at the distance of the photometer slit 8, 2610 
millimeters beyond the eye-piece, has a diameter of 652 millimeters. Its intensity has therefore 
been weakened about 18,200 times (independently of the absorption of the glass, which is not a 
a factor in our qualitative determination). 

8 is the slit of a grating spectroscope. The collimator Ohas a focal length of 1254 millimeters 
and an aperture of 57 millimeters. The observing telescope T is much shorter, having a focal 
length of but 400 millimeters (in order that the head of the observer may not interfere), and is set 
at a fixed angle of about 49° to the collimator. A holder within the case at O carries a flat Row¬ 
land grating with a ruled surface 51.6 by 35.0 millimeters, and with the number of lines per milli¬ 
meter equal to 568.4. This grating, which gives very brilliant and very perfect spectra, was used 
in such a position that the normal to its surface fell between the two telescopes, the comparisons 
being made in the brighter first spectrum. Its angular position is indicated by a divided circle and 
vernier, reading to minutes on the outside of the case. 

The lower part of the photometer slit is covered by a totally reflecting prism, P, which cuts 
off the sunlight entering there and substitutes for it the light from the standard lamp, L. Two 
spectra in close juxtaposition are therefore seen in the eye-piece of T, the upper belonging to the 
lamp and the lower to the sun. By means of a 2-millimeter blackened cardboard slit in the com¬ 
mon focus of the object-glass and eye piece, the range of wave-lengths included in the field of view 
was limited to 0\0048, or about eight times the interval between the D lines. 

The lamp has already been partially described. It was fastened to a slider, which could be 
drawn by the observer to and fro along a graduated scale, at right angles to the collimator so as 
to approach or recede from the slit, by pulling a cord. A heavy screen which hung down to the 
level of the photometer scale concealed the lamp from the observer, who was thus unaware of its 
position while making a measurement (except from the appearance of its spectrum in the eye-piece 
of the telescope) until the index had been read, and thus any bias resulting from a preconceived 
opinion as to the proper position of the lamp was avoided. The range of the scale was 20 deci¬ 
meters, and its zero-point was so adjusted that the reading of the index of the lamp-carriage was 
the distance of the ceuter of the flame from the slit of the photometer. On account of the great 
difference in the quality of the lights compared, the range of the scale proved to be insufficient, 
and the wheel photometer, an instrument presently to be described, was used to diminish the more 
intense light by a given ratio. 

When moonlight, instead of sunlight, was compared with the standard, the diminishing tele¬ 
scope was removed, and a telescope of 1,054 millimeters focus and 77 millimeters aperture, with the 
eye-piece removed, was placed on the axis of the beam from the siderostat, so as to form an image 
of the moon on the upper half of the photometer slit. 

The wheel-photometer, referred to above, consists of two circular disks of sheet-zinc about 
twenty inches in diameter, each pierced near the circumference by eighteen radial apertures 
separated by spaces of the same width. The two disks may be rotated past each other with con. 
siderable friction, enough to hold them firmly in relative position, and are held by an axis passing 
through their centers, by means of which, and a multiplying wheel connected with it, they may 
be rotated in a vert.cal plane with great velocity as a single wheel. If they are adjusted to coin¬ 
cide, and rotated in front of a source of light, they diminish its brilliancy one-half, although, on ac¬ 
count of the persistency of vision, the eye does not perceive any flickering or unsteadiness caused 
by the interruptions of the spokes. A graduated arc is attacked to one of the disks, and an 
index to the other, so that the apertures may be adjusted to any width from the full opening 
down to zero. Thus the intensity of a luminous source may be diminished to any fraction less than 
one-half of its original value. / 

On looking into the eye-piece of this apparatus (Plate 2) two nearly square patches of light 
were seen, the lower belonging to the sun or moon, and the upper to the lamp. The color of the 
light would depend, of course, upon the position of the grating. The observations were made 
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by sliding the lamp along the scale, by means of its cord, until these two squares of light were of 
equal intensity. Then, if the intensity of the standard is known for all points of the scale, we 
obtain the intensity of the sunlight or moonlight at that part of the spectrum. If the wheel- 
photometer was used, a proper factor must be introduced to give the degree of diminution caused 
by it. Eight points in the spectrum at which comparisons were to be made, which we may roughly 
designate by their approximate colors, were selected. Their wave lengths, and the settings of the 
grating circle, together with those for several of the Frauenhofer lines, are given in the annexed 
table. 

Point. Color. Line. Setting. Wave-length. 

1 Deep red. B ... 
C ... 

O ' 
84 5 
84 35 
84 47 
85 40 
85 49 
85 52 
87 8 
87 42 
88 0 
89 0 

B 
0. 687 
0. 656 
0. 649 
0.599 
0. 589 
0.586 
0.518 
0. 486 
0. 470 
0.415 

2 
3 

Briglit red. 
Orange. 

D... 
4 
5 
6 
7 
8 

Yellow. 
Green . (*>)- 

F... Blufe. 
Briglit violet .. 
Deep violet.... 

A table giving the intensity of the illumination in the observing telescope, obtained from the 
photometer lamp for each decimeter of the lamp-scale, was next constructed from data obtained 
by observation. The assumption which has been made in similar photometric measures that the 
intensity of the illumination is inversely proportional to the square of the distance of the lamp- 
flame from the slit, leads to results which may be considerably in error, particularly if some of the 
observations were made when this distance was small. The reasons for this are various. If, starting 
with the lamp at the end of its scale, we slide it gradually forward toward the slit, the intensity 
of the light in the observing telescope will increase gradually until the aperture of the collimator 
is tilled, and then on closer approach the intensity no longer increases but remains constant, whereas 
by the law of inverse squares it should increase from a certain value up to infinity at the slit. In 
the apparatus used in these experiments this constancy of illumination began at about 2 or 3 
decimeters, and measurements made with a smaller scale reading than 5 decimeters were avoided 
as much as possible. On account of the small proportion of blue and violet rays iu the lamp-light, 
however, it was sometimes necessary to make the comparisons in the upper end of the spectrum 
with the lamp so near the slit that the value of its light intensity was subject to considerable 
uncertainty, and it is for this reason that the great difference in quality between the standard and 
the lights to be compared is so prejudicial to the accuracy of the observations. 

It was preferred, in making the measurements, to diminish as much as possible the violet of 
the sunlight or moonlight by means of the wheel-photometer, thus enabling the comparison to be 
made with the lamp at a greater distance from the photometer slit. 

The edges of the lamp flame are considerably more brilliant than the central portions. When 
the lamp is near the extremity of its scale, its effective brilliancy is the average of that of all its 
parts, but when brought up close to the slit, the effective rays are those from the central portions 
only. From both this and the foregoing reason, the decrease in the brilliancy of the light in the 
observing telescope as the lamp is moved away from the slit is less rapid than that required by the 
law of inverse squares. 

The law actually followed was determined empirically by means of the wheel-photometer. A 
second kerosene lamp with Argand burner, quite similar to the standard lamp, was placed directly 
iu front of the slit, at such a distance that when matched by the standard lamp the scale reading 
of the latter was a little less than 5 decimeters. Having determined this reading by taking the 
mean of five settings, the wheel-photometer with its index set to 10 (or with its apertures open to 
their full width), was interposed between the auxiliary lamp and the slit, cutting down the bril¬ 
liancy of the direct light to one-half; and the new position of the photometer lamp, when matched 
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with the diminished auxiliary, was determined as before by five settings. The index of the wheel 
was then set to 9, reducing the intensity of the direct light to nine-twentieths, and so on until the 
reduction amounted to two-twentieths, when the limit of the lamp-scale was reached. 

The following observations were made on November 5, 1884, each position of the photometer 
lamp being the mean of five independent settings, which sometimes, though very rarely, differed" 
from each other by as much as 1 decimeter, the usual variation being from 1 to 5 centimeters. 
The comparisons were made in the yellow, experience having shown that equality was most accu¬ 
rately judged of in that color. 

Setting of wheel-photo¬ 
meter. Intensity. Reading of 

lamp scale. 

No wheel. 1.00 
.50 
.45 
.40 
.35 
.30 
.25 
.20 
.15 
.10 

1.00 

Decimeters. 
4.94 
7.60 
8. 06 
8. 34 
8.90 
9. 74 

10. 84 
12. 34 
14.76 
18. 34 
4.70 

Wheel index at 10. 
Wheel index at 9. 
Wheel index at 8. 
Wheel index at 7. 
Wheel index at 6. 
Wheel index at 5._ 
Wheel index at 4._ 
Wheel index at 3._ 
Wheel index at 2. 
No wheel. 

These observations, when plotted, give points which fall very nearly on a smooth curve. 
From this curve we may then take the intensity corresponding to even decimeters on the lamp 
scale, the unit of intensity being one-twentieth of the intensity of the auxiliary lamp. Finally, we 
may express the intensity in terms of another purely arbitrary unit; namely, that of the standard 
lamp at a distance of 5 decimeters from the slit. We thus obtain the following table. The last 
column is the adopted value of the lamp-intensity at each division of the scale, obtained by taking 
the mean of this and another similar set of observations. 

Scale 
reading. 

Intensity in 
twentieths. Intensity. Adopted 

intensity. 
Scale 

reading. 
Intensity in 
twentieths. Intensity. Adopted 

intensity. 

Decimeters. 
5 
6 
7 
8 
9 

10 
11 
12 

19.1 
15.2 
11.9 
9.1 
6.8 
5.7 
4.9 
4.2 

1.00 
.80 
.62 
.48 
.36 
.30 
.26 
.22 

1.00 
.81 
.63 
.56 
.38 
.32 
.27 
.23 

Decimeters. 
13 
14 
15 
16 
17 
18 
19 
20 

3.7 
3.3 
2.9 
2.6 
2.3 
2.1 
1.9 
1.7 

.19 

.17 

. 15 

.14 

.12 

.11 

.10 

.09 

.20 

.18 

.16 

.14 

.12 

.11 

.10 

.09 

Plate 3 is a curve representing the intensity of the photometer lamp as a function of the scale 
reading, as determined by the experiments, and also the curve (dotted), on the assumption that 
the intensity varies inversely as the square of the distance from the slit. The less rapid decrease 
of intensity by the actual law is apparent. The unit of intensity in the last column, namely, that 
of the photometer lamp, at 5 decimeters from the slit, will be used throughout for all colors, no 
matter what their relative proportions in the lamp-light may be. The observations made on the 
moon on November 2, 1884, and those on the sun November 7, 1884, are given in full below. The 
observations of November 2, 1884, on moonlight, were made between the hours of 10 and 11 p. m. 



TEMPERATURE OF THE SURFACE OF THE MOON. 29 

Photometric observations on moonlight. 

[Observer J. E. Keeler. All conditions favorable. The sky “at first slightly hazy, gradually becoming perfectly 
clear.” At the time (10 h. 30 m.) the moon’s hour angle was 1 h. 3 m. and her declination -f- 10°, corresponding to a 
zenith distance of 34° and air-mass M = 1.21.] 

Setting. Color. 

o / 

84 5 
84 47 
85 40 
85 52 
87 8 
87 8 
87 42 
88 0 
89 0 

Deep red .... 
Bright red... 
Orange. 
Yellow. 
Green 
.do ..... 
Blue. 
Bright violet 
Deep violet.. 

12.2 
11.4 
8.4 
9.7 
6.2 

11.6 
8.9 
6.7 
3.4 

Reading of lamp-scale. 

13.0 
10.4 
7.6 
8.6 
5.9 

12.4 
8.5 
6.6 
3.0 

12.1 
10.7 
7.9 
8.8 
6.3 

12.1 
8.8 
6.9 
2.4 

10.9 
10.1 
7.7 
8.7 
5.6 

11.7 
8.2 
6.4 
2.3 

11.9 
9.9 
8.0 
8.8 
5.6 

Mean. 

12.0 
10.5 
7.9 
8.9 
5.9 

12.2 
8.4 
6.1 
2.9 

12.0 
8.6 
6.5 
2.8 

Remarks. 

Wheel before lamp, index at 3. 
Do. 
Do. 

Wheel index at 5. 
Do. 

No wheel. 
Do. 
Do. 

No wheel; faint. 

These observations are reduced with the aid of the table of lamp-light intensities on page 28. In 
the following table the last column contains the intensity of moonlight in different parts of the 
spectrum, as compared with the standard lamp : 

Wave¬ 
length. 

Mean lamp 
setting. 

Tabular 
intensity. How modified by wheel. Actual in¬ 

tensity. 

/< 
0.687 
0. 649 
0.599 
0.586 
0.518 
0.518 
0.486 
0.470 
0. 415 

12.0 
10.5 
7.9 
8.9 
5.9 

12.0 
8.6 
6.5 
2.8 

.230 

.295 

.513 

.392 

.829 

.230 

.428 

.720 % 

Reduced to -fo. .035 
.044 
.077 
.098 
.207 
.230 
.428 
.720 

.do. 

.do. 
Reduced to i. 

Not modified. 
.do... 
.do. 
.do. 

In the observations of November 7 the sun was near the meridian (exact time not noted), and 
his declination being —16°, his zenith distance was about 56°, corresponding to an air-mass of 
M=1.79. The condition of the apparatus was the same as in the previous measures. The sky was 
a “ fair hazy blue.” 

Photometric observations on sunlight. 

Setting. Color. 

o / 

84 5 Deep red 
84 47 ! Bright red .. 
85 40 Orange. 
85 52 Yellow. 
87 8 ! Green. 
87 42 Blue. 
89 0 Bright violet 
89 0 Deep violet.. 

Reading of lamp-scale. 

12.2 
9. 0 

15.4 
13.5 
6.0 
8.9 
8.2 
6.0 

13.1 
8.7 

15. 7 
11.7 
6.2 
9.5 
8.0 
5.1 

12.0 
8.6 

16.2 
12.9 
6.2 
9.6 
8.6 
5. 5 

11.2 
8.0 

14.8 
12.7 
6.2 
9.7 
8.2 
6.0 

11.2 
8.8 

15.0 
11.6 
6.5 
9.6 
8.4 
5.6 

Mean. Remarks. 

11.7 
8.6 

15.4 
12.5 
6.2 
9.5 
8.3 
5.6 

Wheel before lamp, i n dex at 5. 
Do. 

No wheel. 
Do. 
Do. 

Wheel before sun, index at 5. 
Do. 
Do. 

These observations are reduced in the same way as those given in the first example. It is 
evident that introducing the wheel photometer in the path of the sunlight increases the value of 
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the light intensity at a given division of the lamp-scale by the same factor that it is diminished 
when the wheel is interposed between the lamp and the slit. 

Wave¬ 
length. 

Mean lamp 
setting. 

Tabular in¬ 
tensity. How modified by wheel. Actual in¬ 

tensity. 

u 
0.687 
0.649 
0. 599 
0.586 
0.518 
0. 486 
0. 470 
0.415 

11.7 
8.6 

15.4 
12.5 
6.2 
9.5 
8,3 
5.6 

.242 

.428 

.152 

.215 

.774 

.350 

.464 

.886 

Reduced to J. .061 
.107 
.152 
.215 
.774 

1.400 
1.856 
3. 544 

_do. 
Not modified. 
_do. 
_do. 
Increased to 4. 
_do. 
_do. 

Two more such complete sets of observations were made under favorable circumstances, one 
on the sun on November 1, and one on the moon on October 31. Other observations made under 
disadvantageous circumstances, such as a hazy or smoky sky, were rejected. 

The differences, which are sometimes considerable, between those results of these observations 
which should be identical, are duej to errors of observation, as well as to different conditions of 
the atmosphere at the times of observations, differences in altitude of the heavenly bodies observed^ 
and variations in the intensity and quality of the light from the photometer lamp. Since the 
effects of these sources of error, with, perhaps, the exception of that due to difference in altitude, do 
not allow of computation, the best we can do is to regard them as made under perfectly similar 
circumstances and combine them accordingly. We shall then at least know, from a consideration 
of the general effect of the actual differences in circumstances, in which direction the error of the 
combination lies. 

The following table exhibits the mean values resulting from such a combination. In the last 
three columns are given the intensities of the three kinds of light in terms of lamp-light, all being 
supposed equal in the yellow. The fifth and sixth columns are obtained by multiplying the second 
and third columns throughout by a proper factor: 

Wave¬ 
length. Moonlight. Sunlight. Lamp-light. Moonlight. Sunlight. 

U 
0.687 
0. 649 
0.599 
0. 586 
0.518 
0.486 
0. 470 
0.415 

.032 

.041 

.066 

.079 

.190 

.370 

.592 
1.050 

.055 

.096 

. 165 

.209 

.696 
1.092 
1.890 
3. 540 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

.41 

.52 

.84 
1.00 
2.41 
4. 69 
7. 50 

13.29 

.26 

.46 

.79 
1.00 
3. 33 
5. 22 
9. 03 

16.92 

Plate 4 is a graphical reprsentation of this table. The intensity of lamp-light is repre¬ 
sented by a straight line everywhere at the distance 1 from the axis of A. The sunlight and 
moonlight curves intersect this line at the point A=(K586. They rise rapidly towards the violet 
end, but the sunlight ordinates increase faster than the moonlight ones. These curves show that 
the proportion of violet in sunlight is much greater than in moonlight, although as a quantitative 
determination the observations are not entirely satisfactory. The principal cause of error is, as 
already mentioned, the deficiency of violet rays in the light from the comparison lamp. The errors 
of observation become more apparent on eliminating this intermediate term, and comparing directly 
the light from the sun with that from the moon. From the curve in the figure we obtain the first 
part of the following table, and by a graphical construction of this part we get the last two col¬ 
umns from a smooth curve. This curve, as given by the table, is concave towards the axis 
of A. It is quite certain, however, that if the observations had been perfect and made under 
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similar circumstances it would be convex. It is evident that the sunlight in these measures 
is at a great disadvantage in respect to the moonlight, especially in the upper regions of the 
spectrum, since the violet light from the sun, which was observed at a much lower altitude, 
had been more powerfully absorbed by the atmosphere. This absorption was even greater than 
could be expected from the mere difference in altitude, for the sky at night was almost invariably 
better than in the daytime, and, moreover, the cloud of smoke, which always hangs over the city 
of Pittsburgh towards the south, gives an absorption for large zenith distances much greater than 
the mass of air traversed would produce alone. 

If the observations had been made under precisely similar circumstances, the preponderance 
of violet in the solar spectrum would be far more pronounced. 

Wave-length. Sunlight. Adopted 
Sunlight. 

Adopted 
Moonlight. 

Moonlight. Moonlight. Sunlight. 

U 
0. 687 
0. 649 
0.599 
0. 586 
0.518 
0. 486 
0.470 
0.415 

.65 

.88 

.95 
1.00 
1.23 
1.35 
1.35 
1.28 

.68 

.81 

.96 
1.00 
1.18 
1.26 
1.31 
1.43 

1.47 
1.23 
1.04 
1.00 
.85 
.79 
.76 
.70 

In addition to this table we give another, containing the results obtained by different observ¬ 
ers, reduced by intepolation from smooth curves to the same points measured on in 1884. As 
some of these measurements were made under circumstances exactly opposite, as regards the rela¬ 
tive heights of the sun and moon, to those we have described, we may expect from a combination 
of them all to obtain a result more nearly free from the effects of unequal absorption of the light 
from the two bodies by the atmosphere. 

Relative intensities of sunlight and moonlight. 

Wave¬ 
length. Pickering. 

Preliminary 
observations 

of 1883. 

Observations 
of 1884. Vogel. Mean* by 

weights. 
Moonlight. 
Sunlight. 

n 
0.687 
0. 649 
0.599 
0.586 
0.518 
0.486 
0. 470 
0.415 

.48 

.64 

.89 
1.0 
2.2 
4.6 
6.3 

13. 

.68 

.81 

.96 
1.00 
1.18 
1.26 
1.31 
1.43 

.90 

.92 

.98 
1.00 
1.26 
1.40 
1.54 
2.10 

.70 

.77 

.92 
1.00 
1.68 
2.37 
2.72 
4. 22 

1.43 
1.30 
1.08 
1.00 
.60 
.42 
.37 
.24 

.7 
1.0 
6.5 
9.5 

13. 
20. 

* The values in the sixth column have been used as ordinates for the curve. (Plate 5.) 
In obtaining the column headed “Mean” the weight 5 has been given to each of the two preceding columns 

and the weight 1 to each of the others. The observations of Mr. Pickering on the moon were made under unfavorable 
circumstances, and the light ratio in the violet depends upon a single series of three readings. Those made at this 
observatory in 1883 were for the purpose of experimenting on the best arrangement of apparatus, and not made with 
a view to obtain the best quantitative results, while the values given by Dr. Vogel and by the Allegheny observations 
of 1884 are the results of many and careful observations throughout the entire range of the spectrum. The weight 
which we have assigned to them would not therefore appear to be too great. 

With the aid of this table we may make an effort to draw the lunar energy curve. Within 
the limits of our observations an increase in energy in a definite part of the spectrum is followed 
by a proportional increase in brilliancy,* so that the figures in the last column, which represent 

* With intenser lights than we employ certain physiological phenomena affect this proportionality, which is 
here, however, sensibly exact. 
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the light intensity ratio of moonlight and sunlight, may also be taken as the ratio of the ordinates 
of the lunar and solar energy curves. 

For the ordinates of the normal solar energy curve we may take the values given by the mean 
of all noon observations made with the spectro-bolometer at Allegheny during the spring of 1881. 
Then, multiplying each ordinate by the corresponding factor given in the last column of the pre¬ 
ceding table, we obtain the ordinates of the lunar energy curve. The results are exhibited below 
in tabular form: 

Wave¬ 
length. 

Solar 
ordinates. 

Lunar energy. Lunar 
ordinates. Solar energy. 

R 
0.687 
0. 649 
0.699 
0.586 
0.518 
0.486 
0.470 
0.415 

575 
604 
624 
622 
590 
535 
490 
300 

1.43 
1.30 
1.08 
1.00 
.60 
.42 
.37 
.24 

822 
785 
674 
622 
354 
225 
181 
72 

If we wish the lunar energy curve to represent the distribution of the same amount of energy 
as the solar within the limits of the visible spectrum (say between (K4 and (h\7), we must multiply 
each of the lunar ordinates by the fraction fff, which is determined by plotting the curves 
and measuring the areas within the required limits. We obtain by this operation the following 
table, which is also graphically represented by the curves in Plate 6. 

Wave¬ 
length. 

Solar 
ordinates. 

Lunar 
ordinates. 

R 
0.687 
0. 649 
0. 599 
0.586 
0.518 
0. 486 
0.470 
0.415 

575 
604 
624 
622 
590 
535 
490 
300 

952 
909 
780 
721 
410 
261 
209 

83 

An inspection of these curves shows at once the effects of the selective absorption undergone 
by the solar rays at the moon’s surface. The maximum ordinate of the lunar curve falls much 
lower down in the spectrum, and there is a corresponding reduction in the height of the curve 
over the violet end. The visible part of the normal spectrum forms, however, so small a portion 
of its entire length, that it would be unsafe to judge from the nature of the lunar curve obtained 
by optical means, as to its probable course at points very far below the limit of the visible red. 
Nevertheless, the evidence of these photometric measurements as to the selective reflection exer¬ 
cised by the moon’s surface is, as far as it goes, decisive, and it is shown to be in such a direction 
as to cause a preponderance in the lunar spectrum of the rays of long wave-length, and hence to 
tend to cause a smaller percentage of lunar rays to be transmitted by glass than of solar, and this 
independently of any effect from heat reradiated by the lunar soil. There is, then, no doubt that 
the observed phenomenon of glass absorption already described is due in part to this cause, though 
in how large part we do not now determine. 

ADOPTED HEAT-MEASURES WITH BOLOMETER AND GALVANOMETER. 

The galvanometer is so important an accessory of the bolometer, that we will describe the 
arrangement we have used to make our own most effective. 

The galvanometer employed is a Thomson differential astatic galvanometer, having a resist¬ 
ance of 20.35 ohms, and originally made by Elliott Brothers, with a short suspending fiber, a damp- 



TEMPERATURE OF THE SURFACE OF THE MOON. 33 

ing magnet sliding on a brass rod, and a system of five upper and five lower magnets connected 
by an aluminum rod with an aluminum vane, the time of a single vibration without damping 
magnet being 6.58 seconds. 

In preparation for the extremely delicate final work on the moon, the following changes were 
made: (I have to express my great obligations to the kindness of Prof. Sir William Thomson 
and of Professor Rowland for valuable suggestions.) The most important of these improvements 
has been the replacing of the short fiber by one 33 centimeters in length (for the brass rod being 
substituted a hollow glass one, in the center of which is the fiber); and, second, the reconstruction 
of the needle. 

In the new astatic system constructed at this observatory in November, 1884, the aluminum 
rod carrying the magnets was replaced by a hollow glass fiber. The aluminum vane, it occurred 
to me to replace by an insect’s wing, and one was most advantageously made of dragon-fly’s wings, 
(in which nature has supplied an admirably rigid and light construction). A minute platinum 
paddle at the bottom of the glass fiber, touching the surface of oil in an oil-cup, was supplied, and 
a new system of magnets. These are made by rolling soft sheet-steel, 0.076 millimeters thick and 
5 millimeters wide and from 7 to 9.5 millimeters long, around a short straight piece of wire into 
minute cylinders, carbonizing them in fused ferrocyanide of potassium, and tempering them in 
mercury. The strength of one of the little magnets was found to be 874 Gaussian units, and of 
these there are in all twelve, six on each system.* 

In forming the connections, it will be found advantageous to employ a battery of a consider¬ 
able number of cells (e. g. twelve, of a gravity battery), and to reduce the current by interposing 
resistance. Under these circumstances, it might appear that there was no advantage in using the 
current from twelve cells over that of one, if the current were as strong in either case. Such, 
however, is not the fact; for the accidental fluctuations due to the minute casual changes which 
take place in the most constant cell are obviously equalized by the use of a current which is the 
mean of that from a considerable number of cells.* Pains are taken to wrap every connection and 
binding post in cotton, and a great number of minute precautions, which are not here detailed, 
have been observed. 

The damping magnet is arranged so as to take any position between the bottom of the glass 
rod and a point 1.46 meters above it, a graduated vertical scale being provided above the galva¬ 
nometer rod. The mirror of the instrument is a minute silver-on-glass concave reflector, of 1-meter 
radius of curvature. The transparent scale, which is on the west, at 1 meter distance, is a portion 
of a cylinder of 1-meter radius, and is graduated in millimeters from 0 to 500. Accordingly, when 
the needle points north and south, and the optical axis of the mirror east and west, the image is 
at 250, at the middle of the scale. This image is a circle of light about 3 centimeters in diameter, 
with a central vertical line (the shadow of a wire).t With these values, to carry the image wholly 
off the scale demands a rotation of the needle through only about 7 degrees. As a rule, this small 
maximum deviation, with the employment of a curved scale, renders reduction for arc unnecessary 
in such observations as these. The needle, when rendered as astatic as possible, performs a single 
vibration in about a minute; but in this condition the directive force is apt to vary from one day 
to another, and the time of vibration, as a rule, to grow more rapid until a shorter period is reached* 
at which it becomes relatively constant. For the purpose of forming an approximate estimate of 
the sensitiveness of the instrument, it may be stated that when making a single vibration in 10 
seconds a deflection of one millimeter division on the scale is given by a current approximately 
equal to 0.0000000013 ampere. 

East of the galvanometer, and nearly in the* prolongation of the optical axis of the upper mir¬ 
ror, are two small bar magnets, on an independent stand, a minute movement of either of which 
serves to bring the image on to any point of the scale when necessary without altering the resist¬ 
ance in the resistance box. 

* Tlie device of the hollow magnets is due to Mr. F. W. Very, of this Observatory, at whose suggestion also the 
number of battery cells was increased with great advantage. The actual construction and astaticising of the needles 
also has been chiefly due to Mr. Very’s patience and skill. 

t The employment of a telescope and a flat mirror, reflecting the inverted scale, is in some respects preferable to 
this arrangement, which is continued in use, however, at present from its greater facility of adjustment. 

S. Mis. 69-5 



34 MEMOIRS OF THE NATIONAL ACADEMY OF SCIENCES. 

The adjustments are commonly made so that heat falling upon the bolometer causes a deflec¬ 
tion of the image to the south, thus increasing the reading on the scale, whose zero is at the 
northern end. It may be added, in further indication of the sensitiveness of the instrument, that 
on bolometer No. 1 (whose resistance is 80.5 ohms) by Mattliiessen’s table, the change of tempera¬ 
ture, corresponding to a change of resistance of 0.0001 ohm, is 0°.00032 C. Accordingly, when the 
needle is in such a condition of sensitiveness that it executes a single vibration in 10 seconds, and 
if we employ a current of 0.1 ampere, a change of one division on the scale corresponds to a change 
of temperature in the bolometer strips of 0°.000016 C. This result is to be understood as merely 
approximate, and as indicating nearly the limit of sensitiveness attained in actual work at present. 
It need hardly be added that greater nominal sensitiveness can be obtained to almost any extent 
by increasing the time of swing; but the gain is apt to be only nominal, for we are to consider 
that, other things being equal, the efficiency of the instrument increases as the probable error 
diminishes, where this probable error is expressed as a fraction of the deviation in question. In 
fact, as the concentrated moonbeam drives the image off the scale altogether in the above condition 
of sensitiveness, it is necessary to employ the damping magnet, not to increase, but to diminish, 
the time of vibration, so that the image may remain on the scale. Under these latter conditions 
the probable error of a single observation is very small, probably not exceeding 2 per cent.* 

DESCRIPTION OF BOLOMETERS EMPLOYED. 

Bolometer No. 1, which has been chiefly used in measurements of total lunar radiation when 
concentrated by the concave mirror, and for comparative observations with the Leslie cube, has 
a square central aperture, 8.3 millimeters on a side, through which the blackened strips of the 
central or exposed arm may be seen, presenting: to the incoming rays an area of 49 square millime¬ 
ters, and composed of 23 thin strips of blackened platinum, each about 0.001 millimeter thick, in two 
tiers, the rear ones covering the apertures left between the front ones. The other, or protected 
arm, is made up of 24 strips, an extra protected strip being introduced in the circuit of the exposed 
arm, to balance the resistance, which is 80.5 ohms for either arm. The case is a cylinder of ebonite, 
projecting so far beyond the strips as to cut them off from all radiations, except those from the 
subject of experiment. 

Bolometer No. 13 is composed of 8 side strips and 9 central ones, each 0.25 millimeter wide, 
the latter forming a band 2.3 millimeters wide and 10.3 millimeters high, with which measures in 
the lunar spectrum have chiefly been made. Each arm resists 38.4 ohms. 

Our direct observations on the lunar heat may be grouped under six divisions. (1) Quantita¬ 
tive measurements of lunar heat as compared with solar; (2) comparisons of the moon’s heat with 
that from a terrestrial source; (3) the comparative transmissibility of our atmosphere for lunar 
and solar heat; (4) comparative transmissibility of glass for lunar and solar heat; (5) heat ob¬ 
servations during a lunar eclipse; (6) the formation of a lunar-heat spectrum. 

Class 1.—Quantitative: measurements of lunar heat as compared with solar. 

Let us expose the bolometer to the lunar radiation, either direct or concentrated, and note 
the resultant galvanometer deflection, and repeat the experiment the next day with the solar 
radiation, diminished in a known ratio. If the moon be full and at an equal altitude with the sun 
at the time of observation, we have the direct ratio of heat received from each at the earth’s surface 
but it is to be remarked that we cannot confine these observations to the single night of full moon 
without giving inordinate time to the research (since they should be often repeated); while, if we 
take them at times much before or after the full, considerable errors may be introduced by our 
ignorance of the true law of the variation of the moon’s heat wfith the phase. Where we have been 
obliged to use the latter class of observations, we have reduced them by Zollner’s law. It is to be 
observed, also, that it is not only more than doubtful whether the transmissibility of the atmosphere 

* It appears in Lord Rosse’s observations that the mean of a series of 10 gave a probable error of 19 per cent, with 
the thermopile and galvanometer then employed. Accordingly, if we do not consider constant errors, but only acci¬ 
dental ones, we find that, owing to the increased sensitiveness and steadiness of our apparatus, a single measurement 
with the present train is equivalent to several hundred of that employed by Lord Rosse. 
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is the same by night as by day, but that other circumstances add to the difficulty in forming exact 
conclusions. 

The apparatus employed in the following observations for lunar rays consisted of the concave 
mirror and bolometer shown in Plate 1. These were used at night, while in the day the sun’s rays 
passed through a narrow aperture and fell on the bolometer placed at a considerable distance in the 
divergent beam. 

The following are the principal constants of the apparatus: 
Let S=lunar apparent semi-diameter at the time of observation, obtained from the geocentric 

semi-diameter corrected for augmentation. 
/= the focal length of concave mirror=73.4 centimeters. 
A=the radius of lunar beam falling upon the concave mirror=10.2 centimeters. This 

radius is limited by that of the hole in the north wall by which the beam from the 
siderostat enters. 

Let * be the semi-diameter of the lunar image in the focus of the concave mirror. Then 

A2 /sin S=s, and 
s2 

concentration of lunar beam. 

The absorption by the silver of the mirror and the loss by non-perpendicular incidence of the 
rays on the bolometer strips are here neglected. 

Again, let a be the semi-diameter of the aperture used for transmitting the solar rays, S' the 
solar semi-diameter, and d the distance of the bolometer strips from the diaphragm. Then 
7T (d sin S' + a) 2A2, where l is the radius of the circle formed by the divergent solar beam at the 
distance of the bolometer strips, and, neglecting the effect of diffraction at the diaphragm, the 

a2 A2 a2 . 
diminution of the solar beam= p. The ratio g2- to is that of sun heat to moon heat, or rather 

that from an element of the center of the sun’s surface to the mean value of the heat from the full 
moon. Observations of this kind were made on the following evenings, November 29, December 
2, and December 3, 1884. 

As an example we give that of December 2, 1884: 

Time. Zenith 
distance. 

Deflec¬ 
tion. Time. 

Zenith 
distance. 

Deflec¬ 
tion. 

h. m. 
6 24 
6 36 
7 59 
8 15 
8 21 
8 24 
8 27 
8 30 
8 32 
8 35 

o / 

I 72 24 

| 54 22 

1 
l 52 05 

( 174 
} 188 
S 273 
\ 285 
f 295 

301 
1 311 

1 298 
| 297 
l 309 

h. m. 
9 39 
9 41 
9 45 
9 47 
9 51 
9 55 

11 58 
12 02 
12 04 
12 07 
12 09 
12 13 

o / 

i 38 24 

> 22 22 

f 303 
312 
311 

) 307 
305 

l 317 
f 326 

332 
315 

' 331 
313 

f 318 

The sky during these observations was quite good and cloudless. A light haze having gath¬ 
ered shortly after midnight, observations were discontinued before* the moon had quite reached the 
meridian. 

On the following day (December 3) observations were made on the sun at noon. The state of 
the sky appeared to be about the same as during the preceding lunar observations, and the battery 
current employed was adjusted to the same strength. 
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The following observations were obtained: 

Sun’s hour 
angle. 

Deflection. 

min. 
-10 
— 7 
+ 7 
+10 
+15 

163 
181 
170 
196 
174 

Mean.. 176 

One hundred and seventy-six divisions was therefore taken as the deflection produced by the 
sun at apparent noon, when his zenith distance was 62° 43'. 

On drawing a smooth curve through points given by the lunar observations in the first table? 
we find that the deflection produced by the moon at the same zenith-distance was 245 divisions. 
On the evening of December 2 the moon’s geocentric semi-diameter was 16' 47", and the semi¬ 
diameter at the time and place of observation was 16' 55". The focal length of the concave mirror 
being 73.4 centimeters and the diameter of the moonbeam 20.3 centimeters, the concentration of 
the moonlight was 

(20.3)2 _ __(2(h3)2 
(73.4 + sin 16' 55")2~(.722)2“ 

. The aperture through which the sunlight was admitted was 0.486 centimeter diameter, and 
the bolometer strips, when exposed, were distant from it 653.5 centimeters. The sun’s semi-diam 
eter at noon being 16' 16".5, the approximate diminution of solar light and heat was 

_t0-486*1 _=(0!486f 
(653.5 x sin 16' 16".5)2 (6.674)2 

The moon was not quite full atthe time of observation. We find by Zollner’s formula that if it had 
245 

been, the deflection produced would have been =272 div. We have, then, for the observed ratio 

of radiation from the full moon to that of the sun, both bodies being at a zenith distance of 62° 43', 

272 1 v 530 _ 1 
176X 790.5 100,000 96509 

values which the reader is again reminded are presumably subject to large constant errors. The 
maximum total heat which we can by possibility receive from the moon, even in the absence of an 
absorbing atmosphere, as is shown elsewhere, is about 1-97000 of the solar heat. It is improbable 
that such a coincidence as that presented with the observed value just given is other than largely 
the result of chance, or rather of such constant errors tending in an unknown degree to increase 
the observed values. 

Class 2.—Comparison of thb heat from the moon with that from a Leslie cube. 

On December 3, 1884, the temperature of the room being 0° O., the bolometer was exposed to 
the radiation from a Leslie cube filled with boiling water, which was observed through the circular 
aperture of a screen subtending the same angle as the cone of rays from the concave mirror used in 
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lunar measurements. The following deflections were observed, the sensitiveness of the measuring 
apparatus being the same as during the lunar observations of the previous evening: 

Temperature 
of 

Leslie cube. 

Galvanome¬ 
ter 

deflection. 

0 C. 
95 
92 
89 
86 
83 
81 
73 

Div. 
408 
400 
384 
370 
369 
353 
297 

From a smooth curve we adopt 435 as the presumable deflection, which would have been ob¬ 
served under these conditions at 100° C. The screen itself acquired a minute amount of heat 
during the experiment, but the correction for this is negligible. 

The bolometer strips attain thermal equlibrium under ordinary circumstances within a fraction 
of a second, while on account of the slowness of change of the temperature of the case, we can 
assume its radiation (C) to be constant during the experiment. The temperature of the bolometer 
strips may always be taken to be proportional to the angular area of the part of the surface radiat¬ 
ing to them, to its temperature, and to its emissive quality. 

Thus the aperture of the moon bolometer occupies 0.00565 of the sphere. The temperature 
of the room December 3, 1884, was 0°.0 C. If the aperture had pointed to a surface at the 
absolute zero, having the same emissive power as its case, a fall of temperature of 0.00565 multi¬ 
plied by 273° = 1°.542 would have been experienced. We assume that, within the limits of this 
experiment, the Rewtonian law of radiation holds. If the pointing had been to a surface at 
100° C. of the same emissive power, the temperature of the bolometer would have risen 0°.565. 
Row, we have seen that a Leslie cube at 100° O. would have produced a deflection of 435 divis- 

0°.565 
ions on the galvanometer. One division, therefore, indicated —=0°.0013 change of temper¬ 

ature of the bolometer strips (the full sensitiveness of the galvanometer not being used). The 
deflection produced by the full moon on the previous evening, if reduced to zenith, would have 
been over 350 divisions, and the temperature of surrounding objects being 0° C. the effective radi¬ 
ation of the moon, if we suppose its emissive power the same as that of the case, was such as would 

correspond to a temperature of 100°=-f 80°.5 O., or 80°.5 C. above the temperature of sur¬ 

rounding terrestrial objects, which happened to be zero Centigrade. This on the absolute scale gives 
80°.5-4-273°=353°.5; and if one-fourth of the lunar radiation is reflected suu heat the true aver¬ 

age temperature of the moon at the full is 80°.5—| x353°.5 = —7°.9 C. If we assume that one-lialf 

only is reflected sun heat, we have — 99°.3 C., if that one-sixth is reflected, + 21°.6 C. 
A correction for atmospheric absorption which we have not applied would somewhat increase 

these values, but it is evident that not only the experimental conditions here do not favor accu¬ 
racy but that the results, such as they are, are subject to a wide latitude of interpretation. 

Class 3.—Transmission of lunar heat by the earth’s atmosphere. 

The remarks already made as to the difficulty of comparing observations at different altitudes 
but at different phases, wThen the law of change of heat with the phase is so imperfectly known, 
apply with peculiar force to this class of observations. Only a series of observations made exclu¬ 
sively on the full moon in favorable circumstances (and therefore occupying many years) could 
bring anything like satisfactory evidence. The reductions which we now give of the few values 
we possess lead to conclusions to which we cannot attach great weight. 

The observations of December 2, 1884, are given below in tabular form, with the computa- 
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tions necessary for obtaining the coefficient of transmission by the atmosphere. This coefficient, 
as has been explained elsewhere*, is found by means of the formula 

log- log ck—log di 

M2 /?2—Mi/? i 

and from this may be found the original energy of the observed radiation before it entered the 
atmosphere, 

log 17=10g dj— M] /?, log t 

although these formuhe are strictly applicable only to homogeneous rays, and hence give only ap¬ 
proximate results. Each “deflection” is the mean of a number of observations made nearly at 
the same time. 

Lunar heat observations of December 2,1884. 

[Height of barometer /3=7.34 decimeters.] 

Observa¬ 
tion. Time. 

Hour 
angle. 

Zenith 
distance. M. M/3. Deflection. 

Deflection 
corrected 

for change 
of phase. 

9 
f 

d 
c 
b 
a 

7f. m. 
6 24 
6 36 
7 59 
8 15 
8 28 
9 46 

12 05 

h. m. 
5 39 
5 28 
4 09 
3 53 
3 41 
2 26 
0 13 

o / 
74 28 
72 24 
57 25 
54 22 
52 05 
38 24 
22 29 

3. 68 
3.28 
1. 865 
1.718 
1.627 
1.277 
1.080 

27.01 
24. 08 
13. 69 
12. 60 
11.94 
9. 37 
8. 00 

174 
188 
273 
285 
302 
309 
323 

183 
197 
284 
294 
311 
315 
323 

The comparison of observations made at great and small zenith distances is also exhibited in 
the form of a table. 

Obser¬ 
vations 

com¬ 
pared. 

d, Log di Log d2 Log ^ 
d\ 

-LogA°g&Nj 
\L°g di J 

Log {Mi ^ 
-Mrft) 

Log 
(Log t) Log t t — Mifi ! 

Log t. Log E. E. 

a and g 
a and / 
a and e 
b and g 

323 
323 
323 
315 

183 
197 
284 
183 

2.5092 
2.5092 
2.5092 
2.4983 

2.2625 
2.2945 
2.4533 
2.2625 

-. 2467 
-.2147 
-. 0559 
-.2358 

9. 3921 
9. 3318 
8. 7474 
9.3726 

1.2790 
1.2062 
0.7551 
1. 2465 

8.1131 
8.1256 
7.9923 
8.1261 

—. 0130 
—.0134 
—. 0098 
—. 0134 

.971 

.970 

.978 

.970 

.1040 

.1072 

.0784 

.1256 

2. 6132 
2. 6164 
2.5876 
2. 6239 

410 
413 
387 
421 

The average value of t is 0.972, which is the fraction of the lunar radiation transmitted by a 
column of air capable of supporting 1 decimeter of mercury. The fraction of a vertical beam 
transmitted by the entire depth of the atmosphere would be f7-6=.806. 

The correction due to the change of the phase of the moon during the course of the night’s 
observations is taken from a curve based on the formula of Zollner. 

Class 4.—Comparative transmission of glass for lunar and solar heat. 

The pieces of glass used were the same as those employed in the preliminary experiments. They 
were A, B, and the “ large window pane.” A series of observations made by moving the sidero- 
stat mirror so as to expose alternately to the adjacent sky and to the moon gave, as has already 
been said, systematically different results from those obtained by the interposition of a screen and 
other modes of observation. For reasons already given, the values found by alternate exposure 
to the moon and sky are preferred. We give as an example the observations of December 3, 1884, 
on the sun, and of November 26, 1884, on the moon, the general disposition of the apparatus em 
ployed being that indicated in plate 1, and the glass, thoroughly dried and cleaned, being in ev- 

* American Journal of Science, Vol. 125, page 176. 
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ery case allowed to communicate its own temperature to the bolometer before being exposed to the 
lunar or solar rays. 

Transmission of solar radiation by glass. 

[December 3, 1884. Sun’s zenith distance at apparent noon 62° 43'. Sunbeam diminished in intensity to about 
0.00530. The transmission is obtained by dividing the deflection, when the rays pass through glass, by the mean of 

the adjacent deflections in the direct solar beam.] 

Mean 
time. 

Deflection 
in direct 

h. to. 
11 40 
11 42 
11 43 
11 57 
11 59 
12 00 
12 05 
12 07 
12 08 
12 10 
12 12 
12 13 
12 15 
12 16 
12 17 
12 19 
12 20 

163 

*181* 
170 

*196’ 
174 

155* 

’155* 

154 

159* 

1*62* 

Deflection 
with glass 
interposed. 

Transmission 
of solar radi¬ 

ation by glass 

125 0. 727 

133 0. 727 

130 0. 791 

123 0. 794 

112 0. 725 

119 0. 761 

118 0. 735 

Mean. 0.751 

Transmission of lunar radiation by glass. 

[November 26, 1884. A good sky. External temperature—5°. 0 C. Barometer, (3=7.26 decimeters.] 

Mean j Moon’s dis- 
time. I tance from 

meridian. 

h. to, 

5 56 
6 00 
6 07 
6]11 
6.19 
6,24 
6 31 
6 53 

h. m. 

0 48 
0 44 
0 38 
0 34 
0 26 
0 21 
0 14 
0 06 
0 13 
0 17 
0 20 
0 28 
0 33 
0 39 
0 42 

Moon’s 
zenith dis¬ 

tance. 

44 } 

43} 

44 

44} 
53 
54 
54} 
55 
56 
56} 

Air 
mass. 
M [3. 

10.2 

10.0 

10.1 

10.2 
12.1 
12.3 
12.5 
12.6 
12.9 
13.1 
13.4 

Deflection 
in direct 

lunar beam. 

240 

257 

251 
260 

247 

231 
227 

196 

192 

Deflection through glass. 

Glass outside. Glass inside. 

22 

29 

26 
(2 layers=18) 

34 

29 

26 

35 

30 

28 

30 

26 

25 

Trans¬ 
mission. 

.090 
139 

114 
,119 

.102 

.112 

140 
127 

135 
126 

134 
130 

Lunar radiation: Mean transmission (glass outside).119 

Mean transmission (glass inside).;.126 

Mean of all observations.122 

There is very little difference between the results for transmission with glass inside and out¬ 
side the building, and this little may be entirely accounted for by the diffusion of the rays by the 
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irregular surfaces of the glass pane, which produces larger loss when the latter is outside at a dis¬ 
tance from the instrument. 

The solar energy which falls on the moon may he divided into two portions: a, that which is 
reflected or diffused; b, that which is absorbed by the lunar soil and reradiated. We may form 
some rude a priori notion of the relative value of these from the following considerations : Were 
the full moon a perfectly diffusive body and reflecting according to the law established by Zollner’s 
experiments, it should behave nearly as aflat disc would do, and return to us such a portion of the 
sun’s energy as the angular area of its disc bears to that of the hemisphere 97^00? (»)• Hence we 
may take this fraction to express the ratio of total lunar radiation—i.e.,{a+b)—in terms of solar radi¬ 
ation. The ratio of lunar to solar luminous radiation is here taken to be (roughly) too^Too—but 
the ratio of lunar nonluminous to solar nonluminous radiation, owing to the selective absorption 
of the lunar surface, is probably indefinitely greater. This latter ratio is unknown, but the larger 
it is the smaller is the portion which we must assign to radiated heat. If, for instance, the per¬ 
fectly diffusive moon sends us £ of the total solar radiation, and the ratio of lunar to solar radia¬ 
tion within the limits of the solar spectrum be £ is the proportion which is diffused or reflected 
to us (a), and 1—“ is that which is absorbed and radiated (b). Now, n is a little less than 100,000, 
and m varies with the degree of selective reflection in the lunar surface. If m be 600,000, one-sixth 
of the lunar radiation is reflected or diffused solar energy, and five-sixths absorbed and radiated 
from the soil. If m be 300,000, one-third of the energy is reflected, &c., and somewhere between 
these two values it seems probable that the ratio sought will lie. The heat sent earthward by the 
radiation from the lunar soil is almost certainly greater than that reflected or diffused; but our at¬ 
mosphere is, according to what we have been hitherto accustomed to think, comparatively opaque 
to the first class of heat (that radiated from the soil) and comparatively translucent or diatherman- 
ous to the second, so that there seems an a priori probability that the true ratio between a and b, 
as it would present itself to an observer outside our atmosphere, will be altered by its absorption, 
and that actually observed at sea level be something different. It seems certain, at any rate, that 
the radiation of the lunar soil must be of a quality to which glass is nearly opaque, since the glass 
which we have employed in our own experiments is nearly opaque to the radiation from a source at 
1000 C. 

Class 5.*—Heat observations during a lunar eclipse. 

The only lunar eclipse observed at Allegheny was that of October 4, 1884. The eclipsed 
moon rose behind clouds, and the first observation, obtained when the penumbra was already pass¬ 
ing off, was made while the moon was still partly obscured by haze. Under these circumstances 
little interest attaches to the observation, which need not be cited in detail. The inference from 
it, so far as any could be drawn, was that about the same amount of heat was received as was to 
have been expected had there been no previous eclipse. 

review. 

Let us now review our sources of information and weigh the imperfect and sometimes contra¬ 
dictory results each has brought us. 

(1) Direct measurement of lunar beat as compared with solar.—Our direct comparison indicates 
that we receive nearly the whole proportion of solar energy from the full moon that we should ex¬ 
pect to get from a diffusive disk of the same angular aperture. This heat must in reality be partly 
diffused and partly radiated, and we do not know (from the present observations) in what propor¬ 
tions these two kinds enter. So far as the observation itself is reliable, we may, however, infer that 
our atmosphere is permeable to most of the lunar heat of either kind, but the method is unfortun¬ 
ately subject to such large sources of constant error, that we cannot derive great confidence from 
the apparent agreement of different observations or even of different observers. It may be said, 
however, to create a certain presumption that the earth’s atmosphere is diathermanous to heat of 
lower wave-length than has been heretofore supposed, and of lower wave-length than appears to reach 
us from the sun. 

* Class 15, sen infra. 
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(2) Comparison of moon’s heat with that of Leslie cube.—If we may draw any inference from 
this class of observations it is that the sun-lit surface of the moon is not far from the freezing tem¬ 
perature, but not so far below as we might expect to find that of an absolutely airless planet. 

(3) Transmission of lunar heat by the earth’s atmosphere.—Our observations indicate a not ma¬ 
terially greater coefficient of transmission for lunar heat than for solar; aud though their limited 
number and the uncertainty of the correction for change of heat with phase render more certainty 
as to the fact desirable, we may (accepting them as probable) reason thus. 

Previous observations both at Allegheny and Mount Whitney have shown that the solar rays 
are transmitted with greater and greater facility (except for cold bands) as the wave-length 
increases up to the point (near A = 3^) where they suddenly disappear altogether. This shows either 
that (1) the solar heat, which according to the customary assumption exists to an unlimited wave¬ 
length before absorption, has here been cut off by a suddenly absorbent action, like that of a cold 
band extending indefinitely below 3% or (2) that, either through a precedent absorption of such 
rays in the sun’s own atmosphere or their non-existence, no solar rays below 3^ present themselves 
to our atmosphere for admission. 

The first view is that which I have treated as most in accordance with received opinion. It 
is not, however, the only one, since the second is not to be absolutely rejected, considering our 
experimental ignorance of the laws of radiation from gaseous bodies for great wave-lengths. Of these 
two hypotheses we see that, accoiding to the first, our atmosphere is quite opaque to all heat below 
3f*, and the writer’s (unpublished) experiments show that heat above this point must come almost 
wholly from a source m uch above 100° 0. In this view, then (unless we agree that the radiations 
from the lunar soil correspond to a source much above 100° O.), we conclude that sensibly none of 
them pass our atmosphere, but that what we receive is diffused and reflected heat coming within 
the range of the known solar energy spectrum, and transmitted with nearly the same facility as 
solar heat, or if with a little greater, because lowered in wave-length by selective reflection at the 
lunar surface, not by absorption and reradiation from the lunar soil. 

In the second view, for anything we have absolutely known to the contrary, our atmosphere 
may be permeable to radiations of any wave-length below 3^, and we could draw no certain infer¬ 
ence, even if the lunar radiation were more distinctly different in transmissibility than it is. 

As a matter of fact, with the actually limited difference in the character of its transmissibility, 
a difference which, as so far determined, is of the same order as that of the error of observation, 
we have no ground then from this present class of observation (i. e., class 3) for any absolute con¬ 
clusion one way or the other. But we repeat it seems to be a probable inference from our whole 
work that the earth’s atmosphere is more diathermanous to heat of extremely low refrangibility 
than has heretofore been supposed. 

(4) Comparative transmission of glass for lunar and solar heat.—The evidence here, which 
at first seems to so directly support the view of a sensible radiation from the surface of the moon, 
proves on examination to be subject to other interpretation, for the observed effect is almost cer¬ 
tainly due in part to a degradation of wave-length by selective reflection from the lunar soil. 

We can draw no absolute conclusion, then, from this evidence at first in appearance so prom¬ 
ising, though we may say that it certainly indicates an increased probability for the view that 
radiatious from the luuar soil may be transmissible by our atmosphere. 

(5) Observations during a lunar eclipse.—If our own observations in this respect are imperfect, 
those ot Lord Rosse before cited are on the other hand clear. They appear to bear but one inter- 
pretatiou, that all heat from the moon disappears immediately that it passes into the earth’s shadow, 
and there is no evidence of any being retained, for any sensible time, more than if it were reflected. 

It is so difficult to conceive that while the moon has been storing heat during many days of 
sunshine, it can part with it instantly, so that the temperature of the whole earthward surface of 
the planet disappears in an inappreciable interval, that most will see in this observation an argu¬ 
ment against the existence of any such heat sensible to us at any time whatever. 

(6) Formation of a lunar heat spectrum.—The observations made here with the lunar heat spec¬ 
trum are as yet incomplete. With improving experience and apparatus, we hope to make others 
which shall give information of a character no other means can furnish. (See note, infra.) 

S. Mis. 69-6 
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CONCLUSION. 

While we have found abundant evidence of heat from the moon, every method we have tried, 
or that has been tried by others for determining the character of this heat appears to us inconclu¬ 
sive; and, without questioning that the moon radiates heat earthward from its soil, we have not 
yet found any experimental means of discriminating with such certainty between this and reflected 
heat that it is not open to misinterpretation. Whether we do so or not in the future will probably 
depend on our ability to measure by some process which will inform us directly of the wave-lengths 
of the heat observed. 

Note added February, 1885.—Since the above paragraph was written, we have succeeded in 
obtaining measures with rock-salt prisms and lenses in a lunar heat spectrum. These difficult 
measures must be repeated at many lunations before complete results can be obtained; but, con¬ 
sidering their importance to the present subject, we think it best to state now in general terms, 
and with the reserve due to the necessity of future experiment, that they indicate two maxima in 
the heat curve, one corresponding within the limits of errors of observation to the solar curve 
maximum, the second indefinitely lower down in the spectrum, corresponding to a greater amount 
of heat at a lower temperature. Exactly what temperature this latter corresponds to, we have 
no present means of knowing. We have succeeded, however, in forming a measurable heat spec¬ 
trum from the surface of a Leslie cube containing boiling water, and the maximum ordinate in the 
lunar heat curve appears to be below the maximum ordinate in the hot water curve. The inference 
from this is, of course, that the temperature of the lunar soil is, at any rate, below that of boiling 
water and in an indefinite degree. 

We cannot close this note without calling attention to the remarkable fact that we here seem 
to have radiations from the moon of lower wave-length than from the sun, which implies an appar¬ 
ent contradiction to the almost universally accepted belief that the sun’s emanations, like those 
from any heated solid body, include all low wave-lengths representing temperatures inferior to 
those certainly emitted. 
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Plate 1.—Lunar Heat Apparatus. 





Plate 2.—Spectro-photometer. 
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Plate 3.—Light-intensity of Photometer Lamp —f (Scale Reading). 





Plate 4.—Relative Intensities of Sunlight, Moonlight, and Lamplight. 
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Plate 5.—Curve showing the Ratio of Sunlight to Moonlight in Different 
Parts of the Spectrum. 
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Plate 6.—Solar and Lunar Energy Curves. 
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ON A METHOD OF PRECISELY MEASURING THE VIBRATORY PERIODS OF TUNING-FORKS, 
AND THE DETERMINATION OF THE LAWS OF THE VIBRATIONS OF FORKS; WITH 
SPECIAL REFERENCE OF THESE FACTS AND LAWS TO THE ACTION OF A SIMPLE 
CHRONOSCOPE. 

By Alfred M. Mayer. 

This research was carried on with funds from the Bache endowment to the National Academy 
of Sciences. Its object was to arrive at a method of precisely measuring the vibratory periods of 
tuning-forks, and to determine the laws of the vibrations of forks, with the special reference of 
these facts and laws to the uses of the tuning-fork as a clironoscope in measuring small intervals 
of time. 

The method devised is to make a clock, at each second, flash a spark of induced electricity on 
the trace made by a style attached to the prong of the vibrating fork F. F, Fig. 1, is the pen¬ 
dulum armed with a triangular piece of platinum foil, which, at each second, cuts through a 
globule of mercury contained in a small iron cup, M. This cup is so made that the globule can be 
regulated as to size and height by means of a screw-collar. Fresh mercury was placed in the cup 
at each experiment. The tuning-fork F is screwed into a board, H, which is hinged at h. This 
board rests against a screw-stop, B. G is a cylinder of brass, rotating on an axle, on one end of 
which is cut a screw, which runs in a nut at T. (See upper figure of Fig. 1.) The end of a prong 
of the fork is armed with a small triangle of thin elastic copper foil, about -5l0- millimeter thick, 
and weighing only one milligram. The surface of the prong is well washed with ether, and then 
the foil is cemented to it with shellac. The point of this style just touches the camphor-smoked 
surface of paper, which tightly and smoothly envelops the cylinder G. The primary coil of an 
inductorium, I, and the clock (through P, aud the globule of mercury, M) are placed in the circuit 
of a voltaic cell, B. In the secondary circuit of the inductorium is the fork F and the cylinder (7, 
the thickness of the paper on the latter separating the point of the style on the fork from the 
surface of the brass cylinder. The fork is thrown upward, around the hinge h, vibrated by drawing 
a bow across a prong; then depressed till the board H comes against the stop B. The cylinder is 
rotated, and the trace of the fork is made on the paper, as shown in upper figure of Fig. 1. At 
each second, when the platinum-tipped pendulum leaves the globule of mercury, a spark flashes 
from the point of the style and makes a single minute and circular white spot on the blackened 
paper. This spot must be bisected by the trace of the fork. The center of the spot is generally 
marked by a minute perforation. 

To obtain the results just described, it is necessary to fulfill certain conditions in the experi¬ 
ment, which, if neglected by experimenters, they would hastity regard the method as inaccurate. 
These conditions are as follows: (1) The globule of mercury should be small and rigid; that is, 
it should not vibrate when the platinum tip cuts through it. This condition is attained by screwing 
up the collar on the small cup M till only a small portion of the mercury is above the upper face 

45 
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of the cup. This adjustment has to be made with great care. The spark which at each second 
passes between the platinum tip and the mercury rapidly oxidizes the latter, and the mercury 
must be renewed at each experiment. (2) The paper on the cylinder must be smooth, thin, but 
not glazed. It required many days of experimenting before I succeeded in getting a paper which 
gave the results I sought. The best paper is a very thin printing paper with a smooth, unglazed 
surface. (3) The style on the fork must be very light and elastic. The best for this purpose is 
made out of thin hard-rolled copper or aluminium. (4) The spark given by the inductorium must 
be of the character already described. If the discharge of the inductorium be not composed of a 
single spark, and its impress on the paper a minute circular spot bisected by the trace of the fork, it 
will be useless to expect accurate results from this method. 

To reach these conditions cost much time, and it may be interesting to describe some of the 
variations in the character of the discharge of an inductorium when excited by various strengths 
of current, and when condensers of various areas are or are not in the secondary circuit. 

The flash of an inductorium appears composed of a single discharge; but only in certain 
conditions is it really composed of a single spark. If the discharge be obtained through the style 
on the fork with a current traversing the coil of a strength approaching that used in the usual 
electrical experiments with it, several flexures of the trace of the fork will be obliterated by the 
discharge deflagrating the carbon on the paper. This etfect is produced by a multiplicity of dis¬ 
charges, following each other with such rapidity, and of such strength, as to denude the paper of 
carbon, to some extent, on either side of the trace. The breadth of carbon removed and the fuzzy 
character of the contour of these traces give them the appearance of caterpillars. 

To obtain an analysis of these complex actions I devised the following method of experi¬ 
menting, shown in Fig. 2: A revolving brass cylinder, similar to the one used in our appa¬ 
ratus just described, was covered with thin printing paper, and the latter was well blackened by 
rotating the cylinder over burning camphor. The paper was then removed from the cylinder and 
cut into disks of about 15 centimeters in diameter. When one of these disks is revolved about its 
center with a velocity of about 20 times per second, it is rendered very flat by centrifugal action. 
It can then be brought between points or balls, even when the latter are separated by no more 
than .75 millimeter. When in this position the discharge between the points or balls perforates 
the disk and leaves a permanent record of its character, of the duration of the whole discharge, 
and of the intervals separating its constituent flashes and sparks. To obtain the time of rotation 
I presented momentarily to the rotating disk a delicate point attached to the prong of a vibrating 
fork of known period of vibration. The axis of the sinuous trace thus made by the fork is traced 
by a needle point applied to the rotating paper disk. Drawing radii through symmetrical intersec¬ 
tions of this axis on the sinuous line, we divide the disk off into known fractions of time. The 
disk is now removed from the rotating apparatus and the carbon is fixed by floating the disk for a 
moment on dilute spirit varnish. When the disk is dry it is centered on a divided circle provided 
with a low-power micrometer microscope, and the duration of the whole discharge and the inter¬ 
vals of time separating its components can be determined to the 25Soo °f a second. I here give 
three typical experiments with this method, which will show the characteristics of the discharge 
of an inductorium: 

1. Discharge of a large inductorium (striking distance, 45 centimeters between 

BRASS POINTS) BETWEEN PLATINUM POINTS 1 MILLIMETER APART. No JAR OR CONDENSER 

IN SECONDARY CIRCUIT. 

The platinum electrodes were neatly rounded and formed on wire millimeter in diameter. 
After the discharge through the rotating disk nothing was visible on it except a short arc formed 
of minute, thickly-set white dots; but on holding the disk between the eye and the light, it was 
found to be perforated with 33 clean, round holes, with the carbon undisturbed around their edges. 
The portion of the discharge which makes these holes lasts -f3 second, and the holes are separated 
by intervals which gradually decrease in size toward the end of the discharge, so that the last 
spark-holes are separated about one-half of the distance separating the holes made at the begin¬ 
ning of the discharge. The average interval between the spark-holes is 7^9 second. After this 
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portion of the discharge has passed there is a period of quiescence lasting about j-gVo second; then 
follows a shower of minute sparks, which forms the short dotted line already referred to. This 
spark-shower lasts ^30 of a second, and is formed of 30 sparks; hence the average interval sepa¬ 
rating these sparks is two second. The intervals separating these sparks are, however, not uni¬ 
form, but are smaller in the middle of the spark-shower than at the beginning or at the end of 
this phenomenon. This spark-shower, indeed, is a miniature of the phenomenon obtained when a 
Leyden jar is placed in the secondary circuit of the coil, and which will be described in the follow¬ 
ing experiments. The above determinations of intervals of time in the discharge are the mean 
of measures on six disks. 

2. Discharge of large inductorium between platinum points one millimeter apart, 

WITH A LEYDEN JAR OF 242 SQUARE CENTIMETERS SURFACE IN THE SECONDARY CIRCUIT 

OF THE COIL. 

After this discharge through the disk a very remarkable appearance is presented. The dis¬ 
charge in its path around the rotating disk dissipates little circles of carbon. There are 91 of these 
circles, each perforated by 4, 3, 2, or 1 holes. I have to frame a new nomenclature to describe this 
complex phenomenon. I call the whole act of discharge of the coil, the discharge. Those separate 
actions which form the little circles by the dissipation of the carbon we will call flashes, and the 
perforations of these circles we call sparlc-holes. The discharge in the above experiment lasts 
second. The flashes at the beginning of the discharge are separated by intervals averaging ^5 

second up to the tenth flash; after this the intervals of the flash rapidly close up, so that during 
the fourth fifth of the discharge they follow at each of a second. During the last fifth of the 
discharge the intervals between the flashes gradually increase, and the last flash is separated from 
its predecessor by two °f a second. 

The appearance of the carbon-covered disk, after one of the discharges just described has 
passed through it, is given in Fig. 3. 

On diminishing the current in the primary coil of the inductorium I found that the number of 
flashes in the discharge diminished, so that at last I obtained a discharge which consisted of but 
one flash perforated by one minute spark-hole. Also, if the current remain the same and a portion 
of the secondary circuit be divided, and gradually separated more and more, the number of flashes 
in the discharge will be diminished and the whole energy of tbe discharge concentrated in time. 
But no rule can be given for any special coil to obtain from it such a discharge as is alone useful 
in the work on the forks, and the current must be gradually varied by resistances in the primary 
circuit of the inductorium, and the area of the condenser in the secondary circuit, till the conditions 
for any special coil are obtained which cause it to give a spark which makes a minute circular and 
well-defined mark directly in the trace of the style of the fork. In the inductorium used there is 
150 feet of wire in the primary circuit and eight miles in the secondary. The condenser in the 
secondary circuit was formed of tin-foil separated by panes of glass, and had an area of 50 square 
inches. 

STUDY OF THE EFFECT OF VARYING AMPLITUDES OF VIBRATION OF THE FORK ON ITS VIBRATORY 

PERIOD; AND ON THE EFFECTS OF VARYING PRESSURES OF THE STYLE ON THE PAPER-COV¬ 

ERED CYLINDER. 

The experiments on this fork of Koenig’s were made not so much for the determination of its 
vibratory period at a given temperature, as to discover any effect on the vibratory period caused by 
difference of amplitude of vibration, and by varying pressures of the tracing style on the smoked 
paper. This series of measures is given as an average example of series of similar sheets on which 
we have made measures. It will be observed that the vibration-numbers opposite the successive 
seconds, given in the first column, are alternately small and large. This is due to the fact that the 
center of the globule of mercury is not exactly on the vertical of the pendulum, but by taking 
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the mean of two successive seconds we have the mean number of vibrations for those seconds. 
These means are given in column 3. 

Table I. 

(1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(2) 

255.00 ) 
256.90 ( 
255.05 > 
256.90 ( 
254.90 ? 
256.90 5 
254.70 ) 
257.15 5 
254.95 l 
257.10 $ 
254.90 l 
257.10 5 

(3) 

255.95 

255. 97 

255. 90 

255. 92 

256. 02 

256.00 

(1) The mean of 1st and 2d seconds=255.95. Amplitude of vibration of 1st second = 2.03 millimeters. 
The mean of lltli and 12th seconds = 256.00. Amplitude of vibration of 12th second = .63 millimeter. 

From this observation one might conclude that the number of vibrations increased with a 
diminished amplitude, but the following observations show that this is not a just conclusion: 

(2) Mean of 1st and 2d seconds=255.97. 
Mean of 7th and 8th seconds=255. 97. 

(3) Mean of 1st and 2d seconds=256. 05. 
Mean of 11th and 12th seconds=256. 00. 

(4) Mean of 1st and 2d seconds=256.17. 
Mean of 9tli and 10th seconds=256.20. 

Amplitude of vibration of 1st second=l. 19 millimeters. 
Amplitude of vibration of 8th secoud= . 59 millimeter. 
Amplitude of vibration of 1st second=2. 39 millimeters. 
Amplitude of vibration of 12th second= .61 millimeter. 
Amplitude of vibration of 1st second=2. 07 millimeters. 
Amplitude of vibration of 10th second= . 78 millimeter. 

From the above measures we conclude that differences of amplitude of vibration in a fork, 
arranged as m the experiments, has no appreciable effect on its vibratory period. 

Many measures were made on records obtained with varying pressures of the tracing style 
against the smoked paper; but the slight variations of those pressures which could be obtained 
within the range of elasticity of the delicate style used gave no differences in the number of vibra¬ 
tions from which we could detect any influence of varying pressures of the style. 

EFFECT OF TEMPERATURE ON THE VIBRATORY PERIOD OF FORKS. 

To determine the effect of variations of temperature on the vibratory periods of steel forks, I 
bought two sets of Koenig’s forks of the UT2 harmonic series to known differences of temperature, 
and then determined how much they were thus thrown out of unison by the observation of the 
number of beats thus caused in one minute of time. 

Instead of heating or cooling one set of the forks by automatic thermostats, which method 
had several objections in principle and great difficulties in the way of experimenting, I decided to 
wait for a favorable spell of weather, which we often have in April, when the air is still and misty 
and a drizzling rain occurs. In such weather the air is nearly constant in temperature. During 
such favorable conditions for the work, when the atmosphere varied only a few degrees in tem¬ 
perature during two days of mist and rain, I opened the windows of a room which contained one 
of the sets of forks and allowed them to remain there for a night and part of a day before begin¬ 
ning the experiments. In an adjoining room, kept at as nearly an equable temperature as 
possible, I placed the other forks. After the respective temperatures of these rooms had not 
varied perceptibly during three hours, I opened the door between the rooms just enough to hear 
clearly the forks of one room when stationed near the forks in the other. The temperature of the 
hot room was 66° Falir., that of the other room was 41° Fahr. 

Simultaneously sounding in order the two corresponding forks of the series, I obtained the 
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following results. The heats were timed with the aid of a stop-watch registering to one-tenth of 
a second. After each observation the door was closed and fifteen minutes allowed to elapse before 
beginning the observations on the two forks next in order. I should here remark, however, that 
the order in which the forks were experimented with was the reverse of that given in the table, 
that is to say, the experiments began with the UT5 fork, of highest pitch; because the smaller 
mass of the higher forks would be most affected by any change of temperature from interchange 
of air of the rooms. I, however, observed no change in the temperature of the rooms during the 
experiments. 

Table II. 

The two Ul'2 forks gave 11.6 heats in 60 seconds for a difference of 25° Fahr. 
The two VTa forks gave 23.0 heats in 60 seconds for a difference of 25° Fahr. 
The two SOL3 forks gave 26.0 heats in 60 seconds for a difference of 25° Fahr. 

The two UT4 forks gave 32.5 beats in 60 seconds for a difference of 25° Fahr. 
The two MI4 forks gave 67.6 heats in 60 seconds for a difference of 25° Fahr. 
The two ZJjT5 forks gave 81.5 heats in 60 seconds for a difference of 25° Fahr. 

The forks in the cold room were a set recently received of Kcenig; those in the warm room 
were a set of his forks which had been in constant use for several years and had become worn and 
somewhat rusted. To ascertain the difference in the numbers of vibrations of corresponding forks 
of the two sets, when at the same temperature, I had kept them for a day in the room which had 
the temperature of G6° Fahr., and after they had remained at this temperature during four hours 
we simultaneously sounded the two corresponding forks of the two sets with the following results: 

Table III. 

New UTc, fork gave 2.3 heats in 60 seconds, with old UT> fork. 
New UTi fork gave 5.0 beats in 60 seconds, with old Vl\ fork. 

New SOLj fork gave 2.0 heats in 60 seconds, with old SOL:i fork. 
New JIT4 fork gave no heats in 60 seconds, with old JJT4 fork. 

New MIi fork gave 12.0 beats in 60 seconds, with old Ml4 fork. 

New JJT5 fork gave 12.0 heats in 60 seconds, with old TJTr, fork. 

Old fork flat. 
Old fork flat. 
Old fork sharp. 
Old fork in unison. 

Old fork flat. 

Old fork flat. 

Correcting the observations of the number of beats given in Table II by the determination of 
beats contained in Table III, we have the actual numbers of beats per minute given by the forks 
for a difference in temperature of 25° Fahr., if the fork had been strictly in unison when at the 
same temperature, as follows: 

Table IV. 

The two Vl\ forks gave 9.3 heats in 60 seconds for a difference of 25° Fahr. 
The two UT3 forks gave 18.0 heats in 60 seconds for a difference of 25° Fahr. 
The two SOL-i forks gave 28.0 heats in 60 seconds for a difference of 25° Fahr. 
The two UT.i forks gave 34.5 heats in 60 seconds for a difference of 25° Fahr. 
The two MJ4 forks gave 45.6 heats in 60 seconds for a difference of 25° Fahr. 
The two F'77, forks gave 69.6 beats in 60 seconds for a difference of 25° Fahr. 

From the above determinations it follows: 

Table V. 

—, -f, 1° Fahr. gives VTz fork -)-, —, 

—, -(-> 1° Fahr. gives UTn fork 4-, —, 
—, 1° Fahr. gives SOLi fork +, —, 
—, -f, 1° JAlir. gives UT4 fork +, —, 
—, +, 1° Fahr. gives MI4 fork +, —, 
—, +) 1° Fahr. gives TJT-a fork -f-,—, 

S. Mis. G9-7 

.00600 of a vibration.^per second. 

.01200 of a vibration per second. 

.018666 of a vibration per second. 
.023000 of a vibration per second. 
.030400 of a vibration per second. 
.046333 of a vibration per second. 
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The above results may be reduced to a more general statement by giving the effect of a change 
of 1° Fahr. on the forks’ vibratory period, as follows: 

Table VI. 

+ 1° Falir. diminishes UT2 fork’s vibratory period (Hs second) stIst part. 
+ 1° Fahr. diminishes UT:> foi’k’s vibratory period second) part. 

+ 1° Fahr. diminishes *SOLs fork’s vibratory period (px second) part. 

+ 1° Fahr. diminishes U7\ foi’k’s vibratory period (yfy second) vriiTT part. 
+ 1° Fahr. diminishes MI4 fork’s vibratory period (-540 second) jrh'S part. 

+ 1° Fahr. diminishes UT& fork’s vibratory period (yoVv second) ^Torr part. 

From Table VI it is seen that the effect of a change of temperature on the vibratory period 
is the same for all forks made of the same steel and similarly shaped. The differences among the 
fractions of a vibratory period are small and evidently owing to the necessary errors of observa¬ 
tion. I have great confidence in the accuracy of this determination. The mean fraction of the 
vibratory period which one of Koenig’s forks gains or loses by a diminution or increase of 1° Fahr. 
is otIgt part, or .00004638. 

THE LAW OF THE RUNNING DOWN IN THE AMPLITUDE OF A FORK’S VIBRATION. 

Twelve sheets were carefully taken of the traces of an TJT2 fork of 128 vibrations per second. 
The fork was vibrated with a bow and the cylinder turned as uniformly as possible by the hand. 
The seconds were marked off on the traces of the fork by the break circuit of the clock. At or 
near each second mark on the sheets was measured with a microscope-micrometer the amplitude 
of the vibration. The whole number of the sheets furnished over two hundred measures, giving 
the connection between the time the fork had run and the amplitude of its vibration at the end of 
that time. A curve was then plotted giving their relations. Its discussion showed that it was a 
logarithmic curve, which has the following expression : y=(1.119)x. 

EFFECT OF THE SUPPORT OF A FORK AND OF THE SCRAPE OF ITS TRACING-STYLE ON ITS 

VIBRATORY PERIOD. 

These experiments on the effects of the support and scrape of the fork were made in connec¬ 
tion with Prof. Albert A. Michelson with special reference to the period of vibration of the fork 
he used in timing the rotation of the mirror he employed in his experiments on the velocity of 
light. The fork was an UTa of Koenig. 

Table VII. 
___ - _ —— - - p- ' ' 7 | 

‘ No. 1. No. 2. 

Temp. 80° Falir. 80 
15x.012=.180=correction for t< 

I 
I (1)-.-. 0.3 (6).... 1289.2 
; (2).... 256.1 (7)....1535.3 

(3).... 511.7 (8)....1791.5 
I (4).... 767.9 (9)....2047.1 

(5)....1023.5 

(7) —(l)-f-6—255. 83 
(8) —(2)—6=255. 90 
(9) —(3)—6=255.90 

(10) —(4)^6=255.93 
(11) - (5)—6=255.92 
(12) —(6)—6=256. 01 
(13) —(7)-f-6=255. 95 

Mean.255. 920 
Corr. for temp_-f-. 180 

256.100 
Corr. for clock... —.028 

256. 072 

—65=15 
emperature. 

(10) ....2303.5 
(11) ....2559.0 
(12) ....2825.3 
(13) ....3071.0 

Temp. 81° Fahr. 
16 X.012= 

81-65=16 
.192 

(1)- 
(2). 
(3) . 
(4) - 

0.6 (5)....1024. 5 
256.7 (6).. ..1280.6 
512.4 (7).... 1536.2 
768.3 (8).... 1792. 3 

(9)....2048.6 
(10) ....2304.9 
(11) ....2560.2 

(6) —(2)-r4=255. 97 
(7) —(l)-f-6=256. 93 
(8) —(2)—6=255. 93 
(9) -(3)—6=256. 03 

(10) — (4) =6=256. 10 
[(ll)-(5)=6=255. 95]? 

Mean.255. 962 
Corr. for temp.... +. 192 

256.154 
Corr. for clock.... —.028 

256.126 



MEASURING THE VIBRATORY PERIODS OF TUNING-FORKS. 51 

Temp. 81° Falir. 

No. 3. 

81—65=16 

Table VII—Ooiitiueud. 

16x.012=. 192 I Temp.75° Falir. 

No. 4. 

75—65=10 10 X.012=. 120 

(1) 
('2) 
(3) 
(4) 
G) 

766.6 
1023. 5 

0.1 (6). 
254.5 (7)....1535.2 
. (8).... 1790.3 

(9)....2047.0 

(7) —(1)—6=255. 85 
(8) —(2)-r-6=255. 97 
(9) —(1)—8=255. 86 

(101—(4)^-6=255.97 
(12) -(4)—8=255. 96 
(13) —(5)—8=255. 95 

(10) ....2302.1 
(11) 
(12) 
(13) 

2814.0 
3071.1 

(1). 
0*)- 
(3) . 
(4) - 
(5) . 

.. .03 

.. 258.4 

.. 512.1 

.. 771.1 

..1024.1 

Mean.255.927 
Corr. for temp.... +. 192 

256.119 
Corr. for clock_ —. 028 

256.091 

(6). (10). 
(7) -1536. 1 (11), 
(8) ....1795.0 (12). 
(9) .... 2048.1 (13). 

(7) —(1)=6=255.97 
(8) —(2)—6=256.10 
(9) —(3)=6=256. 00 

(10) —(4)—6=256. 02 
(11) —(5)—6=255. 97 
(12) —(4)—8=256. 02 
(13) —(7)—6=256. 03 

Mean.256. 016 
Corr. for temp.... -)-. 120 

...2307.2 

...2560. 0 

...2819.3 

...3072.3 

256.136 
Corr. for clock ... —. 028 

256.108 

Temp. 75° Falir. 

No. 5. 
75—65=10 10x. 012=120 

(1) .... 0.5 
(2) ....253.6 
(3) ....512.3 
(4) ....765.5 

(5) ....1024.3 
(6) . 
(7) ....1536.5 
(8) .... 1789. 5 

(7) —(l)-r6=256. 00 
(8) —(2)-f-6=255. 98 
(9) —(3)—6=255. 98 

(10) —(4)—6=255.97 
(11) —(5)A3=255.95 

(9)....2048.2 
(10) ....2301.3 
(11) ....2560.0 

Meau.255. 976 
Corr. for temp .. -(-.120 

Temp. 75° Falir. 

No. 6. 

75—65=10 10x.012=120 

(1) .... 0.7 
(2) ....258. 6 
(3) ....512.7 
(4) ....770.5 

(5) .... 1024.7 
(6) ....1282.7 
(7) ....1536.6 
(8) ....1794.5 

(7) -(l)=6=255.98 
(8) —(2)=6=255. 98 
(9) —(3)=6=256. 00 

(10) —(4)—6=256. 02 
(11) —(5)—6=255.98 
(12) —(6)^6=256. 03 

(9)....2048.7 
(10) _2306. 6 
(11) ....2560.6 
(12) ....2818.9 

256.096 
Corr. for clo.ck... —. 028 

Mean.255. 998 ' 
Corr. for temp... -f-. 120 

256.068 

256.118 
Corr. for clock ... —. 028 

256. 090 

Temp. 75° Falir. 

No. 7. 

75—65=10 10x.012=120 Temp.763 Falir. 

No. 8. 

76—65=11 tlX.012=132 

(1).., 

(2).., 
(3) .., 
(4) .., 

0.1 
257. 9 
512. 0 
770.0 

(5) ....1023.7 (9)....2047. 5 
(6) ....1281. 6 (10)....2306. 2 
(7) ....1536.0 (11).. ..2560. 0 
(8) ....1794.0 (12)....2818. 3 

(7) —(1)—6=255. 98 
(8) -(2)=6=256.02 
(9) —(3)—6=255.92 

(10) —(4)—6=256. 05 
(11) —(5)—6=256. 05 
(12) -(6)-6=256.12 

(1) .... 0.0 (5)....1023.7 
(2) .... 254.1 (6).... 1278.1 
(3) .... 512.0 (7).... 1536.2 
(4) .... 766.0 (8)....1790.1 

(7) —(1)—6=256. 03 
(8) —(2)-f-6=256. 00 
(9) —(3)—6=256. 02 
(8)—(4)—4=256. 02 

(11)—(5)—6=256. 03 

(9)....2048.1 
(10). 
(11)....2559.9 

Mean . v.256. 020 
Corr. for temp... +. 120 

Mean.256. 020 
Corr. for temp... -f-. 132 

256.140 
Corr. for clock... —. 028 

256.152 
Corr. forelock... —.028 

256.112 
256.124 



52 MEMOIRS OF THE NATIONAL ACADEMY OF SCIENCES. 

Table YII—Continued. 

No- 9. No. 10. 
Temp. 81° Fahr. 81—65=16 

(1).... 0.8 
(2) .... 257.2 
(3) .... 512.7 
(4) .... 768.9 

(5) ....1024.3 
(6) -1280. 7 
(7) .... 1536.3 
(8) .... 1792.5 

16 X.012=. 192 

(9)....2048. 4 
(10) ....2304.0 
(11) ....2560. 2 

Temp. 81° Fahr. 

(1).... 0.6 
(2) .... 258.1 
(3) .... 512.6 
(4) .... 770.0 
(5) ....1024.1 

81—65=16 

(6) ....1281.9 
(7) ....1535.9 
(8) ....1793. 8 
(9) ....2047. 5 

16 X.012=. 192 

(10) ....2305.7 
(11) ....2559.7 
(12) ....2817.3 
(13) ....3071.5 

(7) —(1)8-6=255.92 
(8) —(2)8-6=255. 88 
(9) —(3)8-6=255. 95 

(10) —(4)—6—255. 85 
(11) —(5)—6=255. 98 

Mean.255.916 
Corr. for temp ... -J-.192 

256.108 
Corr. for clock... —.028 

256.080 

(7) —(1)8- 6 = 255.88 
(8) —(2)8- 6=255.95 
(9) —(3)8- 6=255.82 

(10) —(4)— 6=255.95 
(11) —(5)8- 6=255.93 
(12) —(6)8- 6=255.90 
(13) —(1)8-12=255.91 

Mean .255. 906 
Corr. for temp_ -f-. 192 

256.098 
Corr. for clock_ —. 028 

256. 070 

The mean value of the above-determined ten means is as follows: 

(1) .256. 072 
(2) .256.126 
(3) .256. 091 
(4) .256.108 
(5) .256. 068 
(6) .256. 090 
(7) .256.112 
(8) .256.124 
(9) .256. 080 

(10)......256.070 

Correction for effects of support > 
and scrape. ( ' ‘_ 

256. 0681 Number of vibrations of fork on 
resonant box at 65° Fakr. 

The correction—.026 for the effect of support and scrape of style of fork was determined as 
follows: 

The standard UT3 fork was placed in the same support (H of Fig1. 1) which held it while it 
made its record on smoked paper, but fork vibrated freely, that is, it did not trace its vibrations 
on the paper. Another similar UT3 fork was screwed on its resonant box and its prongs loaded 
with wax till it made about live beats per second with first fork. The beats were counted by 
coincidences with the one-fifth second beats of a watch. 

Table VIII. 

Coincidences were marked at 32 seconds; 39 seconds; 43.5 seconds; 49 seconds; 54.5 seconds; 61.5 seconds. 
61.5—32=29.5; 29.58-5=5.9=time of one interval between coincidences. 
Resumed.—(1)=5.9 seconds; (2)=6.2 seconds; (3)=6.2 seconds; (4)=6.2 seconds. Mean=6.13=time of one 

interval between coincidences. 
In this time, the watch, makes 6.13x5=30.65 beats, and the forks make 30.65+1=31.65 beats. Hence the 

number of beats per second is 31.658-6.13=5.163. 

We now made similar experiments to the above, with the difference that the standard UT3 
fork was allowed to make its trace on the smoked paper, as it did when we determined its rate of 
vibration. 
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Table IX. 

Coincidences were marked at 59 seconds; at 4 seconds; at 10.5 seconds; at 17 seconds. 
7f—59=18 ; 18=3=6.0=time of one interval. 
Resume.—(1)=6.0 seconds; (2)=6.0 seconds; (3)=6.7 seconds; (4)=6.3 seconds; (5)=6.5 seconds; (6)=6.7 sec¬ 

onds; (7)=6.0; meau=6.31 seconds. 

G. 31X 5=31.55 31.55+1.00=32.55 
32.55—6.31= 5.159 

'With fork free= 5.163 

Effect of scrape— —. 004 

Circumstances as in first case, except that both forks were on their resonant boxes. 

Table X. 

Coincidences were observed at 21 seconds; at 28 seconds; at 36 seconds; at 44 seconds; at 51 seconds; at 60 
seconds. 

60—21=39; 39=5=7.8=time of one interval. 
Resume.—(1)=7.B seconds; (2)=7.1 seconds; (3)=7.6 seconds; (4)=7.4 seconds; (5)—7,2 seconds; mean=7.42 

seconds. 
' 72.42X5= 37.10 

+ 1.00 

38.10 

38.10=7.42= 5.133 
Above= 5.159 • 

Effect of support and scrape= —. 026 

From the experiments it appears that the effect of the work of the fork in tracing its record 
on the smoked paper covering the cylinder, is only —.004 of a vibration; a quantity so small as to 
be negligible, as will appear further on where we give the probable error of the mean determina¬ 
tion of the numbers of vibrations per second of various forks. 

The difference in the number of vibrations given by the fork when vibrating on its resonant 
box and when vibrating while screwed into the hard wooden support {H, Fig. 1), amounts to —.026 
less .004, or —.022. This result was not anticipated, and it shows how careful should experimenters 
be in describing minutely the character of the support of the fork when they give the value of its 
vibratory period. 

Determination of the numbers of vibration per second of European forks of vario us standards of pitch 

[Sent me by Mr. Alexander J. Ellis, F_. R, S.] 

These forks were the A fork of 4789, of the Ghapelle Versailles; the A fork of 1812, of the 
Conservatoire; the A fork of 1818, of the Theatre Feydeau; the A fork of 1820, of the Tuilleries, 
and a C fork made by Marloye of Paris. 

The determination of the pitch of these forks was made with special care, and these measures 
may be regarded as the limits of accuracy of our method, so far as I have been able to deal with 
it. The fractions of vibrations on the records were read off with a microscope-micrometer, and the 
corrections for temperature and rate of clock were carefully obtained. 
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Table XI. 
[Chapel! ©^Versailles (A) fork of 1789.] 

O 

o p. 
65.3 
65.3 
65.3 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 

+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 

'S'g-g 

+ s 
§ 3£ 
5 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

M 

394. 495 
394. 543 
394.536 
394. 509 
394. 470 
394. 570 
394.493 
394.517 
394. 512 
394. 502 
394.507 
394.470 
394. 495 

M 

395. 599 
395. 647 
395. 640 
395.613 
395. 574 
395. 674 
395. 597 
395.621 
395. 616 
395. 606 
395.611 
395.574 
395.599 

si 
o S 
oS © • 
8 + 
« a + 
u o jo 
os® 
S' o | 
| 
H 

+.005 ! 
+.005 
+.005 
+. 000 
+.000 
+.000 
+.000 i 
+.000 ! 
+.000 
+.000 j 
+.000 
+.000 
+.000 

g C8,- 

.3 So 
0Q o ^ 

.3 IS 
1o5 
£ o a 
r3 S'-S 

395. 604 
395. 652 
395. 645 
395. 613 
395.574 
395. 674 
395. 597 
395. 621 
395. 616 
395. 606 
395.611 
395. 574 
395. 599 

395.614 

Table XII. 
[Conservatoire (A) fork of 1812.] 
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1 j 

2( 
3 

4 

1 
2 
1 
1 
1 

o F. 
65 
65 
64.75 
63.6 
63.6 

+5. 30 
+5. 30 
+5.30 
+5. 30 
+5. 30 

.99721 438.128 

.99721 438. 075 

.99721 438.161 

.99721 438.134 

.99721 438.118 

439.354 
439. 301 

■439. 387 
439. 360 
439.344 

.000 

.000 
—. 005 
—. 028 
-. 028 

439.354 
439. 301 
439.382 
439.332 
439.316 ! 

439.337 

Table XIII. 
[Theatre Feydeau (A) fork of 1818-] 

oF. 
63.4 
63.4 
63.4 
63.4 
63.8 
63.8 
63.8 
63.8 
64.5 
64.5 
64.5 
64.5 

r*! 

o 

+5.2 
+5.2 
+5.2 
+5.2 
+5,2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 
+5.2 | 
+5.2 ! 

O 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

. 9972L 

.99721 

.99721 

.99721 

.99721 

.99721 

432.812 
432.799 
432. 809 
432.800 
432. 847 
432.818 
432.844 
432. 825 
432. 799 
432. 837 
432. 805 
432. 828 

S'3 
v 
© 

« 

434.023 
434. 010 
434. 019 
434.011 
434. 058 
434.029 
434. 055 
434. 036 
434 010 
434.048 
434.016 
434.039 

o o « . 
© . 
Si + 3 I 

—. 031 
—.031 
—. 031 
—.031 
—. 023 
—. 023 
—. 023 
—.023 
—.010 
—. 010 
—.010 
—. 010 

© s 
S cS r • O © pH 
s So 

•3 ^ iO 

S . -n o'd [« 

433. 922 
433. 979 
433.988 
433.980 
434. 035 
434. 006 
434.032 
434.013 
434. 000 
434.038 
434.006 
434.027 

434. 008 
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Table XIV. 

[Tuilleries (A) fork of 1820.] 

°F. 
65.5 
65.5 
65.5 
65.8 
65. 8 
65.8 
65. 5 
65. 5 
65.5 

+4.9 
+4. 9 
+4.9 
+4.9 
+4.9 
+4.9 
+4.9 
+4.9 
+4. 9 

o ® 
© 

® 2 
* a u 

o 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

.99721 

421.589 
421.597 
421. 626 
421. 632 
421.636 
421.641 
421. 667 
421. 609 
421.624 

© PH +3 
O c3 © M 
^ © S'2 
M 

422. 769 
422. 776 
422. 806 
422.812 
422. 816 
422. 821 
422.847 
422. 788 
422. 804 

1 + 
!h O ® -J3 i s ® ~ 
® w w 

.01 

.01 

.01 
,015 
,015 
, 015 
.01 
.01 
.01 

® a 3 cl r • c ® tn 
a So —- r, o a> o 50 a + 
O 'O cS 

“Sc® £ § a S ® -H 
^ 0D +3 

422. 759 
422. 766 
422. 796 
422. 797 
422. 801 
422. 806 
422. 837 
422. 778 
422.794 

422.793 

Table XV. 

[Marloye (C) fork.] 

o J?' 
69. 25 
69.5 
71 
71 
60 
60 
61 
61 

•So 

£ ® 

+3. 48 
+3. 48 
+3. 48 
+3.48 
+4.35 
+4. 35 
+5. 00 
+5. 00 

CS 4a ® 

® ° o 

.99723 

.99723 

.99723 

.99723 

.99722 

.99722 

.99721 

.99721 

255.167 
255. 224 
255.187 
255.120 
255. 208 
255.219 
255. 212 
255. 221 

255.876 
255. 933 
255. 896 
255.829 
255. 919 
255.930 
255. 926 
255. 935 

3 O 

+. 051 
+.054 
+.072 
+. 072 
—.057 
—.057 
—. 048 
—.048 

O <D Ph 

a So iO 
GO S© 

© .2 00 +S 

255. 927 
255.987 
255.968 
255.901 
255.862 
255.873 
255.878 
255. 887 

255.910 

The determinations of the number of vibrations per second of the A forks have to be cor¬ 
rected by +.044 for the effect of the weight of the tracing style. The correction was too small 
to be determined in the case of the C fork. 

The separate determinations of the number of vibrations of the Chapelle Versailles fork and 
those of the Theatre Feydeau fork are numerous enough to give some idea of the probable error 
of a single determination and of the error of the mean of the determinations when these are dis¬ 
cussed by the method of least squares. 

From this discussion it appears that for the Chapelle Versailles fork, the probable error of a 
single determination = + .019 of a vibration; the probable error of the mean determination^ + .0063 
of a vibration. 

From the experiments on the Theatre Feydeau fork, the probable error of a single determina¬ 
tion = +.014 of a vibration; the probable error of the mean determination = + .004 of a vibration. 

These results show that the method is quite accurate, and certainly sufficiently so for the 
determination of the pitch of a standard fork, and for all purposes when the fork is used as a 
chronoscope in the measure of small intervals of time. If the error of the determination of the 
pitch of these two forks—when corrected for effects of support and scrape, which is a constant 
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readily determined—should only equal or of a vibration in one second, a variation of that 
amount would be produced by a change of temperature of only one-fourth of a degree F. in the 
Theatre Feydeau fork, and if measured in beats would amount to the difference in the pitch of two 
forks, which, when sounded together, would give one beat in 200 seconds. 

On the uses of the tuning-fork as a chronoscope.—Various forms of chronoscopic 
apparatus contain a vibrating fork as a register of time. The majority of these are costly, by 
reason of the attempts of the inventors to obtain regular rotations of cylinders or disks by means 
of clock-work, when really all such appliances are useless. The fork itself, if only allowed to register 
its own trace on the revolving cylinder or disk, will give all that is desired without such adjuncts, 
for the accuracy of its registration has no connection with the rotation of the cylinder on which it 
leaves its record, and it matters not whether the latter be revolved quicker or slower, regularly or 
irregularly, so long as the motion is appreciably uniform during the trace of one flexure of the fork; 
this duration in the case of an UT3 fork would be only the of a second, and in that minute 
interval it would uot be possible to get a measurable variation in velocity unless we did our best 
to attain it. Any ordinary care in the rotation of the cylinder by hand will give waves vdiich qt 
and near the spark-mark will be found to be similar and equal, and therefore no error can be made 
in the measure of the fraction of a wave. 

The numbers of vibrations of a fork per second can be determined to of a vibration, or, to 
be surely within bounds, say to the T,y(T of a vibration, by the method we have described in this 
paper. This will give the time record with an A fork of 440 vibrations per second to of a 
second. 

It is not necessary to make any correction for the effect of the scrape or weight of tracing 
style or for the effect of the kind Of support of the fork, for the number of the fork’s vibrations per 
second is determined while the fork is on the same support it has when used as a chronoscope and 
while the fork is making its record; in other words, the number of the fork’s vibrations per second 
are determined in the exact conditions in which it is used as a chronoscope. 

The arrangement of such a chronoscope is of the simplest character. Fig. 4 shows it. As 
an example, we will suppose that we are to determine the initial velocity of a rifle-ball. 7> is a 
voltaic cell, whose current goes through the primary coil of the inductorium T, then to the target 
T formed of a metal plate (or a screen of wire, if we are determining the velocity of a cannon ball). 
This plate is very slightly inclined forwards, so that its upper edge presses very slightly against 
an adjusting screw at ft. The abutting surfaces of this screw and the plate are amalgamated to 
insure good elastic contact. The bottom of the plate rests in a small trough of mercury. The 
current passes to this trough and out of the plate at the adjusting screw ft, thence to the make- 
circuit lever MG, and back to the battery B. One pole of the secondary circuit of the inductorium 
is connected with the fork F, the other pole with the rotating cylinder C. The make-circuit lever 
is formed in this manner: It moves around a center at O. On its lower side are two platinum 
lugs. By the motion of the lever around 0, either one or the other of these lugs are brought in 
contact with two platinum contact-pieces, e and c, which are insulated from the plate and standard 
on which the lever is supported. 

The chronoscopic apparatus having been arranged as in the diagram, the fork is raised on the 
hinge h (see Fig. 1) and vibrated with a bow. The cylinder is revolved and the fork brought 
down on its smoked-paper surface. At the word “Are,” the rifle is discharged. The fine wire or 
thread w is cut by the ball, and the weight p which it supported and which brought the left 
hand platinum lug onto the left hand insulated contact-piece, falls; then the spring s (or, better, 
a rubber band), which opposed the action of the weight, swings the right hand lug on to the 
right hand contact-piece. When the ball cut the wire, the primary circuit of the inductorium 
was broken, and a spark, at that instant, passed from the style of the fork and made a spark- 
hole in its sinuous trace. But the spring s at once made contact again, and the circuit was 
made through the right-hand lug c. The ball, therefore, reaches the target-plate T with the 
circuit closed, and when it strikes T the plate is thrown from the contact-screw ft, and a second 
break takes place in the primary circuit and another spark passes from the style of the fork. By 
counting the number of waves and measuring with a microscope-micrometer the fraction of the 
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wave in the trace of the fork, we have the time it took the ball to go over the known distance from 
the wire w to the target T. 

As an example of such work, we here give experiments we made on the velocity of the rifle- 
ball of .45 inch caliber of the United States Army cartridge. This ball weighs 405 grains, and the 
powder driving it weighs 70 grains. 

Table XVI. 

Number of experiment. 
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(1).. 11.31 
11.34 
11.30 
11. 28 
11.35 
11.32 

Seconds. 
.04418 
. 04429 
1 04414 
. 04406 
.04433 
. 04421 

Feet. 
1,358. 0 
1,354. 7 
1,359.3 
1,361.7 
1,353. 3 
1, 357.1 

Feet. 
+0.7 
—2.6 
+2.0 
+4.4 
—4.0 
—0.2 

(2). 
(3). 
(4). 
(5). 
(6). 

1,357. 3 

The fifth column gives the differences of the separate determinations, and 1,357.3 feet the mean 
velocity of the ball per second. The average difference amounts to only 2.3 feet. 

EXPERIMENTS WITH THE CHRONOSCOPE ON THE VELOCITIES OF FOWLING-PIECE SHOT OF 

VARIOUS SIZES PROJECTED WITH VARIOUS CHARGES OF POWDER FROM 12 AND 10 GAUGE 

GUNS. 

The guns used in these experiments were “choke-bore,” of the Colt Arms Manufacturing 
Company, of Hartford, Conn. They had rebounding locks. The primary current of the induc- 
torium passed through a break-piece fixed under the rebounding hammer, so that at the instant 

• the cartridge was exploded the electric current in the primary circuit of the inductorium was 
broken and then immediately formed again. The current which passed through this break-piece 
was led by a wire to an upright piece of tin plate, whose front surface leaned against a thick 
copper wire. Another wire led from the tin plate (which stood in a shallow trough of mercury) 
back to the battery. 

The following tables give the results of our experiments: 

Table XVII. 

[10-gauge. Colt gun; 5 drams Curtis & Harvey powder; 1+ounce shot.] 

Size of shot. Velocity 
30 yards. 

Velocity 
40 yards. 

Velocity 
50 yards. 

No. 1 Buck. 1153 
1147 
1146 
1066 
1012 
995 
908 

1067 
1132 
1126 
1015 
963 
880 
803 

FF. 
BB. 
No. 3. 
No. 6. 

928 
859 
775 
716 

No. 8. 
No. 10. 

S. Mis. 69——8 
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Table NYIII. 

[10-gauge Colt gun; 4 drains Curtis & Harvey powder; lf-ounce shot.] 

Size of shot. Velocity 
30 yards. 

Velocity 
40 yards. 

Velocity 
50 yards. 

No. 1 Buck. 1067 
1017 
1000 
989 
966 
920 
848 

1018 
1009 
967 
911 
883 
874 
756 

FF. 967 
897 
872 
806 
776 
669 

BB. 
No. 3. 
No. 6. 
No. 8. 
No. 10. 

Table XIX. 

[12-gauge Colt gun; 3£ drams of Curtis & Harvey powder; 1^-ounce shot.] 

Size of shot. Velocity 
30 yards. 

Velocity 
40 yards. 

Velocity 
50 yards. 

BB. 862 
* 844 

825 
816 
796 

795 
754 
739 
749 
680 

667 
696 
600 
607 
610 

No. 3. 
No. 6. 
No. 8. 
No. 10. 

Table XX. 

[12-gauge Colt gun; 4 drams Curtis & Harvey powder; lj-ouuce shot.] 

Size of shot Velocity 
30 yards. 

Velocity 
40 yards. 

Velocity 
50 yards. 

No. 8. 847 
748 

722 
657 

671 
596 No. 10. 

Each measure of velocity given in these tables is the mean value obtained from several experi¬ 
ments, varying in number from three to six. The headings “ velocity 30, 40, 50 yards,” mean that 
the numbers under them give the average velocities of the flight of shot over those distances, and 
not the velocities at 30, 40, and 50 yards from the gun. 

It will be observed that the shot used were Nos. 10, 8, 6, 3, BB, FE, and No. 1 Buck. They 
were so selected because a pellet of any number in the above series weighs nearly double the pre¬ 
ceding one. Thus a pellet of No. 8 weighs double one of No. 10, a pellet of No. 6 weighs double one 
of No. 8, and so on. These relations of weight among the pellets were obtained so that I could 
readily reach the relations existing between the velocities and the weights of pellets. The shot 
used was kindly furnished me by Tatham & Bros., of New York, who used carefully gauged sieves 
in their manufacture. The powder used was Curtis & Harvey’s Diamond Grain No. 0. The powder 
and shot in each cartridge had been carefully weighed out in an accurate balance. 

A glance at the tables at once shows the rapid increase in the velocity of the shot from 
No. 10 up to No. 3. With the heavier pellets the increase is less marked. Thus the table headed 
“10 Colt gun; 4 drams, Curtis & Harvey, 1^ shot,” shows that No. 8 shot has 72 feet per second 
velocity over No. 10 shot, and No. 6 has 46 feet over No. 8, while No. 3 has only 23 feet over No. 6, 
and BB shot gains only 11 feet over No. 3. 

The relations between velocity and weight of pellet shown in this table may be taken as a type 
of all the experiments, and I have graphically shown their relations in the accompanying curve. 
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The divisions on the scale, measured on the axis of ordinates, give the velocity per second of the 
pellets. One unit on this axis equals 20 feet, and a unit on the axis of abscissas equals one nnit of 
weight of pellet. The weight of a pellet of No. 10 shot is here taken as the unit of weight. The 
numbers of the shot are written under the axis of abscissas, the velocities along the axis of ordinates* 

My friend Professor Rice, of the United States Naval Academy, who had previously made sim¬ 
ilar experiments with a Le Bouleng6 chronoscope, and who took great interest in these experiments, 
found that the curve here given is very nearly the curve of secants, and the formula for it is: 

where x is the velocity and y the weight of a pellet, and a b and n undetermined constants. 
So far as the experiments with these two special guns show, there is a marked superiority 

in the 10 over the 12 gauge, when each is loaded with the same weight of powder and shot* 
Thus, with the same charges, viz, 4 drams powder and 1£ ounces of shot tired from the 10 gauge, 
gives a velocity of 100 feet per second more than that given by the 12-gauge gun. This fact is 
conclusively shown in the comparison of the figures in the two tables XVIII and XX, and the 
difference in velocities is in favor of the 10 gauge in each of the sixty experiments which were 
made to get the numbers contained in the lines opposite No. 8 and No. 10. 

With No. 10 shot the mean velocity given by the 10-gauge gun over the first 80 yards is 848 
feet. With the same charge in the 12 gauge the velocity is 748 feet; showing a difference of 100 
feet in favor of the 10 gauge. With No. 8 shot the experiments show a difference of 72 feet. The 
average difference in favor of the 10 gauge in the flight of shot Nos. 8 and 10 over 40 yards amounts 
to 110 feet. 

If we assume, as we may without grave error, that the penetration of shot varies as the square 
of its velocity, these experiments will give the relative penetrations of the 10 to the 12 gauge gun 
about as 9 is to 7. 

That the 10-gauge gun shows such marked superiority over the 12 may be accounted for by 
the fact that the same charge occupies less length in a 10 than in a 12-gauge, and hence there 
are fewer pellets in contact with the barrel of the former than of the latter to oppose by their 
friction the projectile force of the powder. Also, as these choke-bores are contracted two sizes at 
their muzzles, the action of the choke on the pellets in a 10-gauge, will, I think, be more effective 
than in the case of a 1.2, the pellets in the latter being more crowded together and conflicting 
in their actions than in the case of their discharge from a 10 bore. Also, some effect in favor of 
the 10-gauge may be owing to the fact that in this gun the powder is exploded nearer the center 
of the charge, and thus there is less chance of it blasting before it unburnt powder contained in 
the portion of the charge removed from the point of ignition. , 

I also venture to predict that with the same weight of barrels the 10-gauge will not heat as 
much as the 12, because the motion of the shot lost in the 12-gauge must appear in the form of 
heat. 

The simplicity and inexpensiveness of the chronoscope we have described in this paper, its 
accuracy, and the ease with which it is used must commend it to all who will give it a trial under 
the conditions of its action whieh we have endeavored to set forth in this paper. Another of its 
advantages is that its records on the paper covering the cylinder are easily rendered permanent by 
drawing the unsmoked side of the paper over the surface of a dilute solution of photographic 
negative varnish contained in a wide shallow dish. On the records may be written with a blunt 
style the nature of the experiments they record before the carbon is fixed by the varnish, and 
then they can be bound togetner in book-form for preservation and reference. 
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THE BAUME HYDROMETERS. 

READ AT THE PHILADELPHIA MEETING, 1881. 

By C. F. Chandler. 

In 1768, Antoine Baumfi, a cliemist in Paris, published an account of two new instruments 
which he had devised for determining the specific gravity of liquids. 

These instruments met with speedy acceptance on the part of practical men, and are now more 
extensively used in manufacturing establishments than any others. 

Acids, alkalies, sugar solutions, petroleum oils, &c., are almost exclusively described in 
degrees BaumA 

The degrees on the Baume scale are entirely arbitrary, and bear no obvious relation to the 
specific gravity of the liquid. 

Baume’s hydrometers are instruments of even divisions. The special recommendation which 
has led to their extensive use among practical men is the simplicity of the numbers representing 
the specific gravity of the liquid. For liquids heavier than water the entire range is from zero to 
about 70 degrees. For liquids lighter than water, 10 to 80. 

The numbers, therefore, are very easy to remember, and far more convenient on that account 
than the number expressing the true specific gravity, which for a liquid heavier than water would 
be 1 and a decimal of three figures usually, as for example 1.237. 

Although Baum6 described with great accuracy the method which he employed for securing 
the scale for his hydrometers, and it would seem, therefore, as though no difficulty existed to pre¬ 
vent the reproduction of his instruments, nevertheless it is a fact that among instrument-makers 
the scale has been so far modified from time to time that we have the greatest variety of instru¬ 
ments purporting to be Baume’s, each one of which has a set of degrees of an entirely different 
value from that exhibited by any other. 

I have found twenty-three different scales, published by as many different writers, for liquids 
heavier than water, the highest of which gives as the value of 66° Baume 1.8922; the lowest 1.730, 
no one of which can be said to be correct, or to have been obtained by following Baume’s directions. 

For liquids lighter than water I have found eleven scales in which the value of 47° Baume 
varies from 0.7978 to 0.7909. 

Baume’s directions for the construction of his instruments are very simple, and it is almost 
incredible that such deviations should have occurred in connection with the instruments. 

It has often been suggested that the only safe plan is to abandon the use of them entirely, 
and rely upon instruments which record at once the true specific gravity, referred to that of water 
as a unit. 

The answer to this is that practical men will not abandon them, having become wedded to 
them, and preferring them on account of the simplicity of the numbers involved, and it would be 
impossible to induce them to give them up. 
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Table I.— Value of degrees Baume for liquids heavier than water, given by different authors. 

ps 

0000 1. 
00721. 
0145 1. 
02191. 
02941. 
0370 1. 
04481. 
05261. 
0606 1. 
0687 1. 
0769 1. 
0853 1. 
0937 1. 
1023 1. 
mil. 
1200 1. 

1290 1. 
13821. 
1475 1. 
1570 1. 
1666 1. 
1764 1. 
1864 1. 
1965 1. 
2068 1. 
2173 1. 
22801. 
2389 1. 
2499 1. 
26121. 
2727 1. 
2844 1. 
2962 1. 
3083 1. 

* 
CO q ^ 

U ^ 

P 

3207 
3333 
3461 
3592 
3725 
3861 
3999 
4141 
4285 
4433 
4583 
4735 
4893 
5053 
5217 
5384 
5555 
5730 
5909 
6096 
6279 
6471 
6667 
6868 
7074 
7285 1. 
7501 1. 
7722 1. 
7950 1. 
8184 1. 
8423 1. 
8669 1. 
8922 1. 
91801. 
9447 1. 
9721 1. 
00031. 
.1. 
_2. 

7181.717 
739 . 

ss 
£ 

3 

1.000 

1. C20 

1.040 

1. 089 

1.114 

1.140 

1.170 

1. 200 

1.454 1.455 
1.466 
1. 482 
1.500 1.500 
1. 515 
1. 532 
1. 550 1. 547 1 
1.566 .1 
1. 586 : - 1 
1.603 11.594 1 

M || 

O © 

X) O . 
So 

l. 
l. 
l. 
l. 
l. 
l. 
l. 
l. 
l. 

1. 0641. 
1. 
1, 
1, 
1. 
1. 
1. 
1, 
1. 
1. 
1. 
1. 
1, 
1. 
1, 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1, 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

1.261 

- 
1. 295 

II 

1. 0000 
1. 0070 
1. 0141 
1. 0213 
1. 0286 
1. 0360 
1. 0435 
1. 0511 
1. 0588 
1. 0667 
1. 0746 

0831.0827 
091 1. 0909 
100 1. 0992 
108 1.1111 
116 1.1163 
125 1.1250 
134 1.1339 
1431.1429 
152 1-1520 
161 1.1613 
1711.1707 
180jl.1803 
190 1.1901 
199jl. 2000 1. 
2101.2101 1. 
22111. 2203 1. 
2311. 2308 1 

0000 1. 

00741. 
01401. 
0206 
0268 
0336 
0405 
0477 
0544 
0614 
0743 
0809 
0887,1. 
0953 1. 
1090:i. 
116511. 
1246 1. 
1330 1. 
1410 1. 
1480 1. 
1549 1. 
1626 1. 
1706 1. 
1876 1. 
1956 1. 

oO 

1. 2414 1. 
1. 2522 1. 
1. 2632 1. 
1.2743 1. 
1. 2857 1. 
1. 2973 1. 
1. 3091 1. 
1. 3211 1. 
1.33331. 
1. 3458 1. 
1.3585 1. 
1. 3714 1. 
1. 3846 1. 
1. 3981 1. 
1.411811. 
1.4267!l. 
1. 4400 1. 

1. 618 

760;. 
782 . 
804!. 
827i. 
850 1. 849s 
874;. 

922 . 
947i . 
973 . 
000 . 

1 
1, 

1. 6591, 
... 1, 
. . . . 1, 

1.717 1, 
_1, 

. 1. 
1. 779 1. 

... 1. 
1. 848 1. 
_1. 
.... 1. 

1. 920[l. 
.1. 
... |l. 

2. 000 2. 
..2. 
..2. 
..12, 

454 1.4545 
470 1. 4694 
485 1.4845 
5011. 5000 
516 1. 5158 
532 1. 5319 
549 1. 5484 
5661. 5652 
583 1. 5824 
601 1. 6000 
6181.6179 
637 1. 63631 
6561.6551 1 
6761.6744 1 
6951. 6941 1 
715 1. 7142 1 
736 1. 7349 1 
758 1. 7560 1 
779 1. 7777 1 
8011. 7999 1 
823 1. 8227,1 
847 1. 8461 
872 1. 8701 
897 1. 8947 
9211. 9200 
946 1. 9459 
9741. 9726 
002 2. 0000 
031 
059 
087 

2108 
2184 
2334 
2409 
2490 
2654 
2740 
2826 
2999 
3080 
•3255 
3345 
3440 
3612 
3788 1. 
3884 1. 
39771. 
4170 1. 
4265 1. 
4460 1. 
4560 1. 
4660 1. 
4860 1. 
49601. 
5170 1. 
5280 1. 
5503 1. 
5648 1. 
5760 1. 
5975 1. 
6090 1. 
64151. 
6520 1. 
6750 1. 
6993 1. 
7120 1. 
7360 1. 
7570 1. 
7774 1. 
8048 1. 
8233 1. 
8460 1. 

1. 
1. 
1. 
1. 
1. 
1. 
2. 

2. 
2. 

1.209 

0000 
0069 
0140 
0212 
0285 
03581. 036 
0433]. 
0509 . 
0586 . 
0665'. 
0744 1. 075 
08251. 
0906 . 
0989 . 
1074[ . 
1159 1.116 
1246 . 
1335 . 
14241. 
1516. 
1608 1.161 
1702 
1798 
1895 
1994 
2095 
2197 
2301 
2407 
2514 
2624 1. 262 
2735!. 
2849 . 
2964 1.296 
3081!. 
32011. 320 
33231. 332 
3447 1. 345 
3574,1.357 
3703 1.370 
38341. 383 
39681.397 
41041.410 
4244 1.424 
43861.438 
4530 1. 453 
46781.468 
4829 1. 483 
4983 1.498 
5140 1. 514 
5301 1. 530 
5465 1. 546 
5632 1. 563 
5802 1. 580 
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3250 1. 
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1. 020 
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.1. 206 
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324 .1. 1. 310 
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375 1. 3650 
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470 ... 
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562 . 
578 . 
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615. 
634 . 
653 . 
671;. 
690 1. 6698 
709 . 
729 . 
750 . 
771. 
793 1.7685 
8151. 7897 
839 . 
864 . 

909 1.8796 
935 . 
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1.36351.357 
.1. 369 
.1. 381 
.1. 395 
.1.407 
1. 42041. 420 
.1. 434 
.; 1.448 
. 1.462, 
... 1.476 

1. 5000 1. 490 
.; 1.505 
.1. 520 
..1.535 
.1. 551 
1. 5789 1.567 
_jl. 583 
.1.600 
.1.617 
.1. 634 
1. 6666 1. 652 
.jl. 670 
.1. 689 
.1. 708 
.1.727 
1. 7646 1. 747 
1. 786*jl. 767 
.il.788 
.11.809 
.jl. 831 
1. 8750 1. 854 
. 1.877 
.11. 900 
.1. 924 
.1.949 
.1. 974 
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1. 000 
1.007 
1.013 
1. 020 
1. 027 
1. 033 
1. 040 
1.047 
1. 055 
1. 062 
1. 069 
1. 077 
1. 084 
1. 092 
1. 099 
1.107 
1.115 
1.123 
1.132 
1.140 
1.148 
1.157 
1.166 
1.174 
1.183 
1.192 
1. 201 
1.211 
1.220 
1. 230 
1. 239 
1. 249 
1. 260 
1.270 
1.281 
1. 291 
1. 302 
1.313 
1.325 
1. 336 
1. 347 
1. 359 
1.371 
1. 384 
1.396 
1.404 

* Calculated by tbe compiler. 

jfOTE._Where the modulus was not given, it was calculated hy the formula: n= p ^ iu which n = modulus ; P specific gravity 

: Baume degree. 66 was taken for “ d" whenever the corresponding Sp. Or. appeared. 
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The only thing to be done is to correct the inaccuracies and establish by some competent 
authority an authorized and accepted standard of values for the Baume scales. 

Baume7s methods were first described in VAvant Coureur towards the close of 1768. They 
have been repeated in the several editions of his Elements de Pharmacie. In the eighth edition 
of this work, published in Paris in 1797, he states that he constructed his instruments in this way : 

(1) For the hydrometer for liquids heavier than renter he prepared a solution of salt containing 
fifteen (15) parts of salt by weight in eighty-five (85) parts of water by weight. He describes the 
salt as “very pure” and “very dry,” and states that the experiments should be made in a cellar 
in which the temperature is 10° Reaumur, equivalent to 12.5° Centigrade and to 54.5° Fahrenheit. 
The zero on the scale indicates the point to which the instrument sinks in distilled water (at the 
temperature above stated), the 15 mark the point to which it sinks in the 15 percent, salt solution. 
With a pair of dividers the space between “0” and “ 15” is divided into fifteen equal parts, and 
degrees of the same size are continued above “ 15.” 

Baume’s idea was that each additional degree on this scale would indicate one additional per 
cent, of salt, which of course is not quite correct, but the directions given are sufficiently simple to 
enable any person to reproduce the instrument. 

(2) For the hydrometer for liquids lighter than water he uses a 10 per cent, solution of salt 
prepared in the same way, and by means of it fixes the zero point on the hydrometer. He uses 
distilled water for the “ 10 ” point, and obtains a scale as in the case of the other instrument, but 
running in the opposite direction. 

With so simple and direct a statement as this it is remarkable that it has been possible to get 
so far away from the true Baume scales. In looking over the literature of the subject I find that 
these discrepancies have arisen from various causes—either neglect to follow Baume’s directions, 
or a deliberate attempt to improve the scales. 

(a) Baume conveys the idea that each degree represents 1 per cent, of salt, and he even sug¬ 
gests that in order to obviate errors due to irregularities in the stem of the instrument, a series 
of solutions may be prepared, the first containing 1 per cent, of salt and 99 per cent, of water, the 
second 2 per cent, of salt and 98 per cent, of water, and so on, and that the degrees 1, 2, &c., can 
be marked by the use of these solutions. 

(b) Acting still further on this suggestion of Baume, many instrument makers gave up pre¬ 
paring the 15 per cent, salt solution altogether for fixing the “15” mark, using instead the 10 per 
cent, solution and fixing by it the “ 10” mark, thus making one solution answer for both instru¬ 
ments. 

(c) It was found at an early day that oil of vitriol generally stood at about 60 on the Baume 
instrument; so many instrument makers fixed the 66 mark by immersing the instrument in oil of 
vitriol. As a matter of fact oil of vitriol is a variable substance. It never contains 100 per cent, 
of sulphuric acid—usually only from 92 to 96 per cent. It consequently has a variable specific 
gravity, and its use for the 66° mark introduces varying errors. 

SCALES FOR LIQUIDS HEAVIER THAN WATER. 

1 submit herewith a table—“Table No. I”—containing twenty-three different scales of values 
for the degrees on the instrument for liquids heavier than water, and another table—“Table No. 
II”—containing the eleven scales for liquids lighter than water. 

METHODS EMPLOYED IN SECURING THE SCALES GIVEN IN TABLE I. 

(1) Delezennes. 66°=1.8922. The mark for 10° was found by a 10 per cent, salt solution at 
10° R. (Wagner Jahresb., 1869, vol. 15, 236.) This scale appears in Journal de Rhys., vol. 
94, 204; Bache & McCulloli, 1848, 116; Dingler’s Polyt. Journal, 1865, 2 vol., 176, 455; Haudwor- 
terbueh der Chemie, 1859, vol. 2, 1, 179; Knapp, Ohem. Tech. 

(2) Ziurek. 66°=1.850. No method given. This scale appears in Techuologische Tabellen, 
1863, 35. 

(3) D’Arcet. 66°=1.849 (calculated). The point 66° B. was obtained in sulphuric acid of spe¬ 
cific gravity 1.830, but it is assumed that it is not pure hydrate, but contains about 6 to 7 per cent. 

S. Mis. 69-9 
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more water than the hydrate H2 S04. (Muspratt, vol. 6, 357.) This scale appears in Bull. Soc. 
Ind. de Miilhouse, 1872; Muspratt, 1871), vol. G, 359. 

(4) Gilpin. 66°=1.848. The mark 10° was found by a 10 per cent, salt solution at 10° R. 
(Wagner, Jahresb., 1869, vol. 15, 236.) This scale appears in Henry, 1810; Children, 1819; Ann. 
de Chimie, vol. 23, 1797; Handworterbuch, vol. 2, 1; Bache & McCullpli, 1848; Knapp, Chem. 
Tech., vol. 1, part 5; Journal de Physique, 1797. 

(5) French Codex (Holland). 6G° = 1.847. In the Holland scale, the 10° was obtained by a 10 
per cent, common salt solution at 10° R. (Bache & McCulloh. Reports on Sugar and Hydrome¬ 
ters, 1848, 84.) This scale appears in U. S. Dispensatory, 5th, 7th, 8th, 11th, 12th, 13th, and 14th 
editions; Pharmacopcea Batava, 1805; Bache & McCulloh, 1848; Neues Handworterbuch, 1871; 
Dingler’s Polyt. Journal, 1870. 

(6) H. A. Mott, jr. 66°=1.84G1. Was deduced by Doctor Pyle, of Philadelphia, and the table 
calculated to 0.5 by Doctor Mott. (Letter from Dr. M. to Dr. C. F. C., Nov. 8, 1881.) This scale 
appears in Mott, Chemist’s Manual, 1877. 

(7) Dalton. 66°=1.8460. The point 66° was obtained in sulphuric acid of specific gravity 
1.830 (see D’Arcet). (Muspratt, 1879, vol. 6, 357.) This scale appears in Muspratt’s Technische 
Chemie, 1879, vol. 6. 

(8) Bourgougnon. 66°=.1.8427. This table is calculated according to the formula— 

144.3 -d 

in which P=density; d=degree Baume. This formula is obtained when Gay-Lussac’s method is 
used with sulphuric acid of specific gravity 1.8427 at 15° C. (Tucker, Manual of Sugar Analysis, 
1881, pp. 108, 109.) This scale appears in Proc. Am. Chem. Soc., vol. 1, No. 5, 1878; Tucker, 
Mauual of Sugar Analysis, 1881. 

(9) Bineau. 66°=1.8426. In Bineau’s tables, which Otto has calculated for 15° C. according 
to Bineau’s own statements, the specific gravity of the sulphuric acid (Schwefelsaurehydrates) at 
15° C. =1.8426. (Wagner, Jahresb., 1869, vol. 15, 238.) This scale appears in Muspratt, 1879, 
vol. 6, 358; Agendas Duirod, 1877; Lunge, 1879, vol. 1. 

(10) Vauquelin. 66°=1.842. The point 66° was obtained in sulphuric acid of specific gravity 
1.830 (see D’Arcet). (Muspratt, 1879, vol. 6, 357.) This scale appears in Ann. de Chimie et 
Physique, 1 series, vol. 76; Bull. Ind. de Miilhouse, 1872; Muspratt, 1879, vol. 6, 359. 

(11) Morozeau. 66°=1.842. Calculated by Morozeau by the formula 

dd'(n'—n) 
n‘ d'—nd—x(d'—d) 

n, n', and x are the degrees of the instrument corresponding to the specific gravities, d, d', and y. 
The 66°=1.842 at 10° R. This number is accepted because it corresponds to the highest specific 
gravity of “ acide sulfurique liydreux,” because it is given by Thenard and because it seems gen¬ 
erally accepted. In giving to x the values 1, 2, 3, up to 75, the corresponding values of y have 
therefrom been deduced. (Journal de Pharmacie, Paris, 1830, vol. 16, p. 488.) This scale appears 
in Journal de Pharmacie, vol. 16, 488; Knapp, Chem. Technologie; Fcole Centrale Lyonnaise. 

(12) Custom in France. 66°=1.842. This table is based on Yauquelin’s table. (Bull. Soc. 
Ind. de Miilhouse (42) 1872, p. 211.) This scale appears in Bull. Soc. Ind. de Miilhouse, 1872. 

(13) J. Kolb. 66°=1.842. 66°=pure sulphuric acid of specific gravity 1.842. (Lunge Soda 
Industrie, 1879, vol. 1, 24.) This scale appears in Bull. Soc. Ind. de Miilhouse, 1872; Roscoe and 
Schorlemmer, 1877; Wurtz, Diet, de Chimie, 1876; Lunge, Soda Industrie, 1879, vol. 1; Deut. 
Chem. Kalendar, Dresden, 1877 ; Wagner, Chem. Tech., 1875; Muspratt, 1879, vol. 6, 359. Nos. 
10, 11, 12, and 13 all give 66° Baume=1.842, though differing in other terms. 

(14) H. Pemberton. 66°=1.8354. Calculated by H. Pemberton in 1851, and adopted as stand¬ 
ard by the Philadelphia College of Pharmacy the same year. This scale appears in U. S. Dispen¬ 
satory, 12th, 13th, and 14th editions. 
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(15) Manufacturing Chemists’ Association, IJ. S. A. 66°=1.835. Calculated by A. H. Elliott 
from the data given by the committee on “What is oil of vitriol?” in 1875, 

66° B=H2S04 93.5 
H20 6.5 

100. 0 

This scale appears in a separate sheet published by the association. In a report of the Com¬ 
mission on “What is oil of vitriol?” previously published, a table differing slightly from this is 
published. 

(1G) Schober and Pecher. 66°=1.8340. The mark 10° was obtained by a 10 per cent, salt 
solution of specific gravity 1.074 and the scale calculated by the formula 

8= - 10 j, 
10 P+11 (p—1) 

in which S=speciftc gravity of the fluid, p= specific gravity of salt solution, %=degrees. (Ding- 
ler’s Polyt. J., 1828, vol. 27, 63.) This scale appears in Dingler’s Polyt. J., vol. 27, 63; Hoffmann- 
Schaedler Tabellen, 1877; Knapp, Chem. Tech.; E. L. Schubartli, vol. 1, 47. 

(17) Huss, Edinburgh Dispensatory. 66°=1,8312. Calculated by Huss and published in 
Duncan’s Ed’b’gh Disp., 1830. This scale appears in Duncan’s Ed’b’gh Disp., 1830; IT. S. Dispen¬ 
satory, 5th, 7th, 8th, 11th, 12th, 13th, and 14th editions. 

(18) Gerlach. 66°=1.817L Based on a 10 per cent, salt solution of specific gravity 1.07311 
at 14° R. (Dingier Polyt. J., 1870, 198, 315.) This scale appears in Dingler’s Polyt. J., 1870; 
Post, Chem. Tech. Analyse, 1881, Part 1, 438; Lunge, Soda Industrie, 1879, vol. 1. 

(19) Chemiker Kalender. Berlin. 66°=1.815. No method stated. This scale appears in 
Chem. Kalender, Berlin, Dr. Biedermann, 1881. 

(20) “Baume Original Scale.” As calculated by Gerlach, 1870. 66°=1.7897. Based on the 
specific gravity of a 15 per cent, salt solution in vacuo at 15° C.=1.11146. This scale appears in 
Dingler’s Polyt. J., 1870,vol. 198, 316. 

(21) Baudin. 66°=1.786 (calculated). A 15 per cent, salt solution of specific gravity 1.111 
was employed for the 15 mark, at 15° C. (Chemical News, 1870, vol. 21, 54.) This scale appears 
in Chemical News, 1870, vol. 21, 54. 

(22) Francceur. 66°=1.767. The 15 mark was obtained by a 15 per cent, solution of rock salt 
dissolved in distilled water at maximum density specific gravity=1.1094. (Francceur, MOnoire, 
sur l’Areometrie, 1842, Paris, 26.) This scale appears in Watts’ Diet., vol. 3, 209; Johnson’s Cycl., 
vol. 2, 1062; Fownes’ Chemistry, 12th ed.; Ure’s Diet., vol. 1; Handworterbuch der Chemie, vol. 
2, 1; Knapp, Chem. Tech.; Bache & McCulloli, 1848. 

(23) Bohnenberger. 66° = 1.730 (calculated). Probably a 15 per cent, salt solution at 11.5° R. 
was employed for the 15 mark. (Wagner, Jaliresb., I860, vol. 15, 235.) This scale appears in 
Handworterbuch der Chemie, vol. 2, 1; Practical Magazine; Dingler’s Polyt. J., 1865, vol. 176; 
Tiib. Blatter, vol. 2, 457; Knapp, Chem. Technology. 

THE TRUE SCALE FOR LIQUIDS HEAVIER THAN WATER. 

As no one of these twenty-three scales had been obtained by following Baume exactly, it was 
deemed advisable to repeat his experiments. 

Three solutions were prepared by following exactly the directions of Baumt), each one con¬ 
taining 15 per cent, of salt and 85 per cent, of water by weight. For the first solution chemically 
pure sodium chloride was employed; for the second, “ solar salt,” from Syracuse; for the third, 
“ factory-filled dairy salt,” from Syracuse. The specific gravity of these solutions was carefully 
determined at 10° Reaumur. The results are given in Table III, together with the results obtained 
by several friends who have repeated this experiment, and also of several chemists who have pub¬ 
lished their results. 
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Table II.— Value of degrees Baumefor liquids lighter than water, given by different authors. 
[Compiled by C, F. Chandler and F. 6. Wieehmann, 1882.] 
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9799 0. 
9733 
9669 
9605 
9542 
9480 
9420 
9359 
9300 
9241 
9183 
9125 
9068 
9012 
8957 
8902 
8848 
8795 
8742 
8690 0. 
8639 0. 
8588 0. 

000 1. 
990 0. 
985 0. 
977 0. 
9700. 
963 0. 
955 0. 
949 0. 
942 0. 
935;0. 
928 0. 
922|0. 

000|1. 
993 0. 
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979 0. 
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8156 0. 
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886 
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867,0. 
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8470. 
842l0. 
837 0. 
832 0. 
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808 0. 

! 

884 0. 
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8480 0. 
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832j0. 
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7674 
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8000 
7954 
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7865 
7821 
7777 
7734 
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7650 
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7526 
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7179 
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7070 
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6930 
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1 Bache & McCulloh, 1848; Watt’s Diet., 1865, vol. Ill; IT. S. Petroleum Ass’n, 1864; Handworterbuch der Chernie,- 1859, vol. II, 1; Dingler’s 
Poly. Journal, 1870, vol. 198 ; Tucker, Manual of Sugar- Analysis, 1881: Johnson’s Cycl., Vol. IT, 1876; Fi.wne’s Chemistry, 12th ed., 1877; Ure’s 
Diet., vol. 1,1867; Neues Handworterbuch, 1871, Vol. I; Deut. Chern. Kalender, Dresden, 1877. 2Trans. Philos., 1794; Annales de Chimie, 1797; 
Children, 1819; Bache & McCulloh, 1848. 3Chemiker Kalender, Berlin, 1881,1882. 4Hoffmann-Sebaedler, Tabellen, 1877; Dingler’s Poly. Jour¬ 
nal, Vol. XXVII, 1828. 5Bache & McCulloh, 1848 ; Pharmaeopcea Batava, 1805 6TT. S. Dispensatory, 11th, 12th, 13th, 14th eds.; Xeues Hand- 
worterbuch, 1871, Vol. I. 7Bolley Handbuch der Chem. Technologie, 1865. 8Bache & McCulloh, 1848 ; Handworterbuch der Chernie, Vol. II, 
1,1859. 9 Duncan’s Edinburgh Disp., 1830 ; IT. S. Dispensatory, 5th, 7th, 8th, 11th, 12th, 13th, 14th eds. 10Ziurek, Technologische, Tabellen & 
Xotizen, 1863. 1’.Philadelphia Coll. Pharmacy ; U. S. Disp., 12th, 13th, 14th eds.; Mott, Chemist’s Manual, 1877. 
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The calculations were in each case made on the 47th Ban me degree. 

Note.—The modulus for each scale was calculated by the formula, n— in which n — modulus; A— Baume degree; P — specific 

Table III.—Specific gravity of a 15 per cent, solution of common salt at 10° JR. (=12.5° G.=54.5° F.). 

By whom calculated. No. Specific 
gravity. 

1.1122 
1.1121 

1.1120 
1.1122 
1.1126 
1.1121 
1.1119 
1.1110 
1.1110 
1.110725 
1.11146 
1. 1160 
1.1094 

1.1118988 

Chandler and Wieehmann. 
do. 
do. 
do. 
do. 

Prof. Henry Morton. 
Dr. Hermann Endemann. 
Dr. Arno Behr. 
M. Baudin (Chem. News, 1870, XXI, 54). 
Prof. Coulier, Ibid. 
Dr. Gerlach (Zeit. Anal. Chernie, 1865, IV, 1). 
E. Soubeiran (Trait6 de Pharmacie 3ieme ed., 1847,1, 13). 
Francoeur (Mdmoire sur I’Areometrie, Paris, 1842,26). 

Average. 

Note.—1 and 2 were chemically pure salt; 3 and 4 were Syracuse solar salt; 5 was Syracuse factory-filled dairy 
salt, 
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It should be remarked that in the above table the number by Baudin was obtained by weigh¬ 
ing the solution at 15° centigrade instead of 12.5, and Gerlach’s result was obtained by weighing 
at 14° centigrade, and calculating what the specific gravity would be at 15° centigrade in vacuo. 

Francceur determined his specific gravity at the maximum density of water. 
Rone of these determinations were rejected, however, in making up the table, as the numbers 

are so nearly alike. We may fairly assume that the average is practically 1.1119. 
Table IY exhibits a scale which has been carefully calculated by Mr. Wiechmann from the 

actual average as given on Table III, by the formula? 

n= 
IJxd 
P-1 

P. 
n 

n—d 

In which P= the specific gravity; d=the Baum4 degree; w=the modulus. 

Table IV.— Value of degrees Baume calculated from 0°=1, and 15°=1.1118988 by the modulus 
149.04969, the experimental work haring been conducted in exact accordance toith BaumS's original 
directions. 

[Temperature 10° R. =12.5° C. =54.5° F.] 

Baum 6 
degrees. 

Specific 
gravity. 

Baum6 
degrees. 

Specific 
gravity. 

Baumd 
degrees. 

Specific 
gravity. 

Baume 
degrees. 

Specific 
gravity. 

0 
1 

I 
4 
5 
G 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 

1.00000 
1.00675 
1.01360 
1.02054 
1. 02757 
1.03471 
1.04194 
1.04927 
1.05671 
1.06426 
1.07191 
1.07968 
1.08755 
1.09555 
1. 10366 
1.11189 
1.12025 
1.12873 
1.13735 
1.14609 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

1.15497 
1.16399 
1.17316 
1.18246 
1.19192 
1.20153 
1.21129 
1.22122 
1.23131 
1.24156 
1.25199 
1.26260 
1.27338 
1.28436 
1.29552 
1.30688 
1.31844 
1.33021 
1.34218 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

1.35438 
1.36680 
1.37945 
1.39234 
1.40547 
1. 41885 
1.43248 
1.44638 
1.46056 
1.47501 
1.48975 
1.50479 
1.52014 
1.53580 
1.55179 
1. 56812 
1.58479 
1.60182 
1.61923 

58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

1.63701 
1.65519 
1.67378 
1.69279 
1.71223 
1.73213 
1.75250 
1.77335 
1.79470 
1.81657 
1. 83899 
1. 86196 
1.88551 

' 1.90967 
1.93446 
1.95989 
1.98601 
2.01283 
2.04038 

It will be seen by comparing Table IY with Table I that this scale corresponds most closely 
with No. 20, which is entitled “Baum^’s original scale,” aud which was calculated by Gerlach in 
1870—Dingler’s Pol. J., vol. 198, 314—and was based upon the specific gravity 1.11146 for the 15 
per cent, salt solution. The observation, however, was made at 14° centigrade and was then cal¬ 
culated for 15° centigrade in vacuo, while Baume’s directions are to use a 15 per cent, salt solution 
at 10° Reaumur in the atmosphere. It will be seen that neither this nor any other of the twenty- 
three scales published in Table I has been obtained by strictly following Baume’s directions. 

SCALES FOR LIQUIDS LIGHTER THAN WATER. 

For the purpose of ascertaining the exact value of Baume’s degrees for liquids lighter than 
water, three 10 per cent, salt solutions were carefully prepared, using as before chemically pure 
salt, “Solar” Syracuse salt, and Syracuse “Factory-filled dairy salt.” The results are exhibited in 
Table Y, together with results obtained by other chemists. 
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Table Y. 

Specific gravity of a 10 per cent, solution of common salt at 10° B. (=12.5° C. =54.5° F.) 

1. 1.0738 
2. 1.0737 
3. 1.0741 
4. 1.07303 
5. 1.07518 
G. 1.07372 
7. 1.073464 
8. 1.073405 
9. 1.07350 

Chandler and Wieckmann. 
Chandler and Wiechmann. 
Chandler and Wiechmann. 
Schober and Pecher (Dingl. Pol. J., 1828, XXVII, 65). 
Schober and Pecher. 
Schober and Pecher. 
Dr. Gerlach (Zeit. Anal. Chemie, 1865, IV, 8). 
Dr. Gerlach (Zeit. Anal. Chemie, 1865, IV, 8). 
Francceur (Mdmoire snr l’Ar6ometrie, Paris, 1842, 26). 

1. 0737665 Average. 

Note.—1 was chemically pure salt; 2 was Syracuse solar salt; 3 was Syracuse factory-filled dairy salt; 4 was 
rock salt; 5 was chemically pure salt; 6 was commercial salt. 

The average of these determinations gives as the specific gravity of a 10 per cent, salt solu¬ 
tion 1.0737665, and the modulus is = 145.56289, computed according to the formula 

1 —p 

in which P=the specific gravity, d=the Baume degree, w=the modulus. 
With the use of this modulus the following table (Table YI) has been calculated by the formula 

7>_ ^ 

[n—10) + d 

in which P=the specific gravity, d—the Baume degree, ft=the modulus. 

Table YI.— Value of degrees Baume calculated from 0°=1.0737065 and 10°=1 by the modulus 
145.56289, the experimental work having been conducted in exact accordance with Baum S’s original 
directions. 

[Temperature 10° R.=12.5° C=54.5° F.] 

Baumd degree. Specific 
gravity. 

10... 1. 00000 
0. 96679 
0.93571 
0.90657 
0.87919 
0.85342 
0. 82912 
0.80616 
0.78443 
0. 76385 
0. 74432 
0. 72577 
0.70811 
0.69130 

15. 
20. 
25. 
30. 

1 35. 
40. 

I 45. 
50. 

1 55. 
60. 
65. 
70. 
75. 

On comparing Table YI with Table II it will be seeu that it agrees most closely with the first 
scale, which is Francceur’s, and which has been adopted by the United States Petroleum Associa¬ 
tion. 

CONCLUSION. 

In conclusion I would suggest to the Academy that, owing to the very extensive use which is 
made of the Bauin6 instruments, it would be eminently proper to consider the propriety of legis- 
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latiou on the part of Congress, or some other means, for establishing a fixed value to the two 
scales of the Baume instruments, and I will offer at the proper time the following resolution: 

uResolved, That a committee be appointed to consider what action, if any, is desirable, with 
a view to establishing a legal value for the degrees of the Baume and other hydrometers of arbi¬ 
trary scales; the committee to report at the next meeting.’1 

Note.—This resolution was adopted, and the following committee was appointed: Julius E. Hilgard, Superin¬ 
tendent United States Coast Survey, Washington, D. C. ; Henry Morton, President Stevens Institute, Hoboken, N. J. ; 
C. F. Chandler, Professor of Chemistry, Columbia College, New York. 

I would further state that I am very largely indebted to my assistant, F. G. Wieclimann, 
Ph.B., for the experimental and historical data contained in the preceding tables. 
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ON SMALL DIFFERENCES OF SENSATION. 

REA D OCTOBER 17, 1884. 

By C. S. Peirce and J. Jastrow. 

The physiological psychologists assume that two nerve excitations alike in quality will only 
produce distinguishable sensations provided they differ in intensity by an amount greater than a 
fixed ratio. The least perceptible difference of the excitations divided by half their sum is what 
they call the Unterschiedsschwelle. Fechner* gives an experiment to prove the fact assumed, 
namely: He finds that two very dim lights placed nearly in line with the edge of an opaque body 
show but one shadow of the edge. It will be found, however, that this phenomenon is not a clearly 
marked one, unless the lights are nearly in range. If the experiment is performed with lateral 
shifting of one of the lights, and with a knowledge of the effects of a telescope upon the appear¬ 
ance of terrestrial objects at night, it will be found very far from conclusive. 

The conception of the psychologists is certainly a difficult one to seize. According to their 
own doctrine, in which the observed facts seem fully to bear them out, the intensity of the sensa¬ 
tion increases continuously with the excitation, so that the least increase of the latter must pro¬ 
duce a corresponding increase of the former. And, indeed, the hypothesis that a continuous in¬ 
crease of the excitation would be accompanied by successive discrete increments of the sensation, 
gratuitous as it would be, would not be sufficient to account for a constant Unterschiedsschwelle. 
We are therefore forced to conclude that if there be such a phenomenon it has its origin, not in 
the faculty of sensation, but in that of comparing sensations. In short, if the phenomenon were 
established, we should be forced to say that there was a least perceptible difference of sensation— 
a difference which, though existing in sensation, could not be brought into consciousness by any 
effort of attention. But the errors of our judgments in comparing our sensations seem sufficiently 
accounted for by the slow and doubtless complicated process by which the impression is conveyed 
from the periphery to the brain; for this must be liable to more or less accidental derangement at 
every step of its progress. Accordingly we find that the frequencies of errors of different magni¬ 
tudes follow the probability curve, which is the law of an effect brought about by the sum of au 
infinite number of infinitesimal causes. This theory, however, does not admit of an Unterschieds¬ 
schwelle. On the contrary, it leads to the method of least squares, according to which the multipli¬ 
cation of observations will indefinitely reduce the error of their mean, so that if of two excitations 
one were ever so little the more intense, in the long run it would be judged to be the more intense 
the majority of times. It is true that the astronomers themselves have not usually supposed that 
this would be the case, because (apart from constant errors, which have no relevancy to the pres¬ 
ent question) they have supposed this extreme result to be contrary to common sense. But it has 
seemed to us that the most satisfactory course would be to subject the question to the^test of direct 
experiment. If there be a least perceptible difference, then when two excitations differing by less 
than this are presented to us, and we are asked to judge which is the greater, we ought to answer 
wrong as often as right in the long run. Whereas, if the theory of least squares is correct, we not 

* Elemente der Psyehophysik, I, p. 242, 
75 
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only ought to answer right oftener than wrong, but we ought to do so in a predictible ratio of 
eases.* 

We have experimented with the pressure sense, observing the proportion of errors among 
judgments as to which is the greater of two pressures, when it is kuown that the two are two 
stated pressures, and the question presented for the decision of the observer is, which is which ? 
From the probability, thus ascertained, of committing an error of a given magnitude, the probable 
error of a judgment can be calculated according to the mathematical theory of errors. If, now, 
we find that when the ratio of the two pressures is smaller tliau a certain ratio, the erroneous 
judgments number one-half of the whole, while the mathematical theory requires them to be sen¬ 
sibly fewer, then this theory is plainly disproved, and the maximum ratio at which this phenom¬ 
enon is observed the so-called Unterschiedsschwelle. If, on the other liaud, the values obtained for 
the probable error are the same for errors varying from three times to one-fourth of the probable 
error (the smallest for which it is easy to collect sufficient observations), then the theory of the 
method of least squares is shown to hold good within those limits, the presumption will be that 
it extends still further, and it is possible that it holds for the smallest differences of excitation. 
But, further, if this law is shown to hold good for difference so slight that the observer is not 
conscious of being able to discriminate between them at all, all reason for believing in an Unter- 
schiedsschwelle is destroyed. The mathematical theory has the advantage of yielding conceptions 
of greater definiteness than that of the physiologists, and will thus tend to improve methods of 
observation. M'oreover, it affords a ready method for determining the sensibility or fineness of 
perception and allows of a comparison with the results of others ; for, knowing the number of 
errors in a certain number of experiments, and accepting the conclusions of this paper, the calcu¬ 
lated ratio to the total excitation of that variation of excitation, in judging which we should err 
one time out of four, measures the sensibility. Incidentally our experiments will afford additional 
information upon the value of the normal average sensibility for the pressure sense, which they 
seem to make a finer sense than it has hitherto been believed to be. But in this regard two things 
have to be noted: (1) Our value relates to the probable error or the value for the point at which 
an error is committed half the time; (2) in our experiments there were two opportunities for judg¬ 
ing, for the initial weight was either first increased and then diminished, or vice versa, the sub¬ 
ject having to say which of these two double changes was made. It would seem at first blush 
that the value thus obtained ought to be multiplied by yf2 (1.414) to get the error of a single judg¬ 
ment. Yet this would hardly be correct, because the judgment, in point of fact, depended almost 
exclusively on the sensation of increase of pressure, the decrease being felt very much less. The 
ratio V2 (1.414) would therefore be too great, and 1.2 would perhaps be about correct. The 
advantage of having two changes in one experiment consists in this: If only one change were 
employed, then some of the experiments would have an increase of excitation only and the others 
a decrease only; and since the former would yield a far greater amount of sensation than the latter, 
the nature of the results would be greatly complicated; but when each experiment embraces a 

* The rule for Hading this ratio is as follows: Divide the logarithm of the ratio of excitations by the probable 
error and multiply the quotient by 0.477. Call this product t. Enter it in the table of the integral 0t, given in most 
works on probabilities; 0t is the proportion of cases in which the error will be less than the difference between the 
given excitations. In all these cases, of course, we shall answer correctly, and also by chance in oue-lialf of the 
remaining cases. The proportion of erx-oneous answers is therefore (1—Gt)-^2. In the following table the lirst col¬ 
umn gives the quotient of the logarithm of the ratio of excitation, divided by the probable error, and the second 

column shows the proportion of erroneous judgments: 

0.0 0. r>o 
0. 05 0. 49 
0.1 0. 47 
0.25 0. 43 
0. 5 0. 37 
1.0 0.25 

To guess the correct card out of a pack of fifty-two once in eleven times it would be necessary to have a sensatiou 
amounting to 0.37 of the probable error. This would be a sensation of which we should probably never become 
aware, as will appear below. 
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double change this difference in the amount of sensation caused by an increase and decrease of 
pressure affects every experiment alike, and the liability to error is constant.* 

Throughout our observations we noted the degree of confidence with which the observer gave 
his judgment upon a scale of four degrees, as follows: 

0 denoted absence of any preference for one answer over its opposite, so that it seemed non¬ 
sensical to answer at all. 

1 denoted a distinct leaning to one alternative. 
2 denoted some little confidence of being right. 
3 denoted as strong a confidence as one would have about such sensations. 

We do not mean to say that when zero was the recorded confidence, there was absolutely no 
sensation of preference for the answer given. We only mean that there was no sensation that 
the observer noticed when attending to his feelings of this sort as closely as he conveniently 
could, namely, closely enough to mark them on this scale. The scale of confidence fluctuated 
considerably. Thus, when Mr. Jastrow passed from experiments upon differences of weight of 00, 
30, and 15 on the thousand to differences of 20,10, and 5 on the thousand, although the accuracy of 
his judgments was decidedly improved, his confidence fell off very greatly, owing to his no longer 
having the sensation produced by a difference of 60 present to his memory. The estimations of 
confidence were also rough, and might be improved in future work. The average marks seem to. 
conform to the formula— 

m—c log ^ 
1p 

where m denotes the degree of confidence on the scale, p denotes the probability of the answer 
being right, and c is a constant which may be called the index of confidence. 

To show that this formula approximates to the truth, we compare it with the average marks 
assigned to estimates of differences for which more than a hundred experiments were made. Mr. 
Jastrow’s experiments are separated into groups, which will be explained below. 

First group. 

Peirce, observer. Jastrow, observer. 
1 ■ / 

__ _ _ ■ __ _■ - ■ ____■ ___:__. 

Ratio of pressures. 

c=l. 25. o=l. 5. 

, 

o=0. 0. 

Mean confidence. Mean confidence. Mean confidence. 

Observed. Calculated. Observed. Calculated. Observed. Calculated. 

1.015.. 
1.030. 
1.060. 

0.14 
0. 30 
0. 70 

0. 10 
0.35 
0. 70 

0. 30 
0. 40 
0. 85 

0.2 
0. 42 
0. 87 

. 

0. 34 
0. 55 
1. 02 

■ 

0. 27 
0. 56 
1.22 

- 

Ratio of pressures. 

Jastrow, observer. 

c=0. 25. c=0. 4. 

Mean confidence. Mean confidence. 

Observed. 
• 

Calculated. Observed. Calculated. 

1.005.. 
1.010. 
1.020. 

0. 00 
0. 07 
0.12 

0. 03 
0. 06 
0. 12 

0. 00 
0. 05 
0. 50 

0. 06 
0.12 
0. 30 

* The number of errors, when an increase of weight was followed by a decrease, was slightly less than when the 

tirst change was a decrease of pressure. 
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The judgments enunciated with any given degree of confidence were more likely to be right 
with greater differences than with smaller differences. To show this, we give the frequency of the 
different marks in Mr. Jastrow’s second, third, and fourth groups.* 

The apparatus used was an adaptation of a “Fairbanks” post-office scale; upon the end of the 
beam of which was fixed a square enlargement (about one-half inch square), with a flat top, 
which served to convey the pressure to the finger in a manner to be presently described. This 
was tightly covered with an India-rubber cap, to prevent sensations of cold, &c., from contact 
with the metal. A kilogram placed in the pan of the balance brought a pressure of one-fourth 

* The result of our observations on the confidence connected with the judgments is as follows: 

[Subject, Mr Peirce.] 

Variations. 
A v era ge Nnmber of 

confidence, sets of 50. 

Gravis. 
GO. 
30. 
15 .... 

. G7 

.28 

. 15 

[Subject, Mr. Jastrow.] 

60. 
50. 
15. 
20. 
10. 
5. 

.90 

.51 

.30 

. 11 

.06 

.00 

13 
12 
12 
12 
12 
10 

In 1,125 experiments (subject, Mr. Peirce)—variations 15, 30, and 60 grams—there occurred confidence of 3, 3* 
times (3 per cent.); of 2, 102 times (9 per cent.); of 1, 282 times (25 per cent..); of 0, 706 times (63 per cent.). In 
these experiments there were 332 (29 per cent.) errors committed, of which 1 (0.3 per cent.) was made in connection 
with a confidence 3; 10(3 per cent.) with a confidence 2; 51 (15 per cent.) with a confidence 1; 270 (81 per cent.) 
with a confidence 0. From which we find that in connection with a confidence of 3 there occurred 1 error in 35 cases 
(3 per cent.); with a confidence of 2, 10 errors in 102 cases (10 per cent.); with a confidence of 1, 51 errors in 282 
cases (18 per cent.); with a confidence of 0, 270 errors in 706 cases (38 per cent,.). 

In 1,975 experiments (subject, Mr. Jastrow)—variations 15, 30, and 60 grams—there occurred confidence of 3, 62 
times (3 per cent.); of 2, 196 times (10 per cent.); of 1, 594 times (30 per cent.); of 0, 1,123 times (57 per cent.). In 
these experiments there were 451 (23 per cent.) errors committed, of which 2 (0.4 per cent..) were made in connection 
with a confidence of 3; 12 (3 per cent.) with a confidence of 2; 97 (22 per cent.) with a confidence of 1, 340 (75 per 
cent.) with a confidence of 0. Again, in connection Avith a confidence of 3, errors occurred twice in 62 cases (3 per 
cent.); with a confidence of 2, 12 times in 196 cases (6 per cent.); with a confidence of 1, 97 times in 504 cases (16 per 
cent.); with a confidence of 0, 340 times in 1,123 cases (30 per cent.). 

Iu 1,675 experiments (subject, Mr. Jastrow)—variations 5, 10, and 20 grams—there occurred confidences of 3, 
none; of 2, none; of 1, 115 times (7 per cent.); of 0, 1,560 times (93 per cent.). In these experiments thei'e Avere 538 
(32 per cent.) errors committed, of Avhich 16 (3 per cent.) occurred in connection witli a confidence of 1; 522 (97 per 
cent.) with a confidence of 0. Again, in connection with a confidence of 1, errors occurred 16 times iu 115 cases (14 
per cent.); with a confidence of 0, 522 times in 1,560 cases (34 per cent.). 

Second group. 

Ratio of weights. Mark 0. Mark 1. Mark 2. Mark 3. 

1.015.j 

1.030.j 

1.060.j 

110 right 
66 wrong 

106 right 
35 wrong 
86 right 

8 wrong 

51 right 
17 wrong 
72 right 
11 Avrong 
75 right, 

1 Avrong 

3 right 
2 wrong 

23 right 
1 Avrong 

54 right 
2 Avrong 

1 right 
0 wrong 
2 right 
0 Avrong 

24 right 
0 wrong 
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of its weight upon the huger. The differential pressure was produced by lowering upon the pan 
of the balance a smaller pan into which the proper weights could be firmly fixed ; this little pau 
had its bottom of cork, and was placed upon a piece of flannel which constantly remained in the 
pan of the balance. It was lifted off and on by means of a fine India-rubber thread, which was so 
much stretched by the weight as certainly to avoid any noise or jar from the momentum of the 
descending pan. A sufficient weight could also be hung on the beam of the balance, so as to take 
off the entire pressure from the finger at the end of each experiment. This weight could be 
applied or removed by means of a cam acting upon a lever; and its bearings upon the beam were 
guarded by India-rubber. It was found that the use of this arrangement, which removed all 
annoying irregularities of sensation connected with the removal and replacement of the greater 
(initial) pressure, rendered the results more uniform and diminished the probable error. It also 
shortened the time necessary for performing the experiments, so that a series of 25 experiments 
was concluded before the effects of fatigue were noticeable. It may be mentioned that certain 
causes tended to the constant decrease of the probable error as the experiments went on, these 
mainly being an increased skill on the part of the operator and an education of the sensibility of 
the subject. The finger was supported in such a way as to be lightly but firmly held in position, 
all the muscles of the arm being relaxed; and the India-rubber top of the brass enlargement at 
the end of the beam of the balance was never actually separated from the finger. The projecting 
arm of a filter-stand (the height of which could be adjusted) with some attachments not necessary 
to detail, gently prevented the finger from moving upwards under the pressure exerted by the 
weight in the pan. In the case of Mr. Peirce as subject (it may be noted that Mr. Peirce is left- 
handed, while Mr. Jastrow is strongly right-handed) the tip of forefinger, and in the case of Mr. 
Jastrow of the middle finger, of the left hand were used. In addition, a screen served to prevent 
the subject from having any indications whatever of the movements of the operator. It is hardly 
necessary to say that we were fully on our guard against unconsciously received indications. 

The observations were conducted in the following manner: At each sitting three differential 
weights were employed. At first we always began and ended with the heaviest, but at a later 
period the plan was to begin on alternate days with the lightest and heaviest. When we began 
with the heaviest 25 observations* were made with that; then 25 with the middle one, and then 
25 with the lightest; this constituted one-lialf of the sitting. It was completed by three more sets 
of 25, the order of the weights being reversed. When we began with the lightest the heaviest 
was used for the third and fourth sets. In this way 150 experiments on each of us were taken at 
one sitting of two hours. 

A pack of 25 cards were taken, 12 red and 13 black, or vice versa, so that in the 50 experiments 
made at one sitting with a given differential weight, 25 red and 25 black cards should be used. 
These cards were cut exactly square and their corners were distinguished by holes punched in 
them so as to indicate the scale of numbers (0,1, 2, 3) used to designate the degree of confidence 
of the judgment. The backs of these cards were distinguished from their faces. They were, in 
fact, made of ordinary playing-cards. At the beginning of a set of 25, the pack was well shuffled, 
and, the operator and subject having taken their places, the operator was governed by the color 

Third and fourth groups. 

[Marks 2 and 3 do not occur.] 

Ratio of weights. Mark 0. Mark 1. 

1.005.| 

1.010..| 

1.020.j 

294 right 
203 wrong 
366 right 
192 wrong 
395 right 
131 wrong 

2 right 
1 wrong 

32 right 
30 wrong 
66 right 

6 wrong 

* At first a short pause was made in the set of 25, at the option of the subject; later this was dispensed with. 
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of the successive cards in choosing whether he should tirst diminish the weight and then increase 
ii, or rice versa. If the weight was to be first increased and then diminished the operator brought 
the pressure exerted by the kilogram alone upon the finger of the subject by means of the lever 
and cam mentioned above, and when the subject said “change” lie gently lowered the differential 
weight, resting in the small pan, upon the pan of the balance. The subject, having appreciated 
the sensation, again said u change,” whereupon the operator removed the differential weight. If, 
on the other hand, the color of the card directed the weight to be first diminished and then 
increased, the operator had the differential weight already on the pan of the balance before the 
pressure was brought to bear on the finger, and made the reverse changes at the command of the 
subject. The subject then stated his judgment and also his degree of confidence, whereupon the 
total pressure was at once removed by the cam, and the card that had been used to direct the change 
was placed face down or face up according as the answer was right or wrong, and with corner 
indicating the degree of confidence in a determinate position. By means of these trifling devices 
the important object of rapidity was secured, and any possible psychological guessing of what 
change the operator was likely to select was avoided. A slight disadvantage in this mode of pro¬ 
ceeding arises from the long runs of one particular kind of change, which would occasionally be 
produced by chance and would tend to confuse the mind of the subject. But it seems clear that 
this disadvantage was less than that which would have been occasioned by his knowing that there 
would be no such long runs if any means had been taken to prevent them. At the end of each 
set the results were of course entered into a book.* 

The following tables show the results of the observations for each day: 

Date. 

Ratios of pressures. [Subject: Mr. Peirce. | 

1. 100 1. 080 1.060 1. 050 1.040 1.030 

©
 

2 errors. 13 errors. 
4 errors. 8 errors. 

11 
7 

14 
15 
12 

6 
• 

15 errors. 
20 errors. 
16 
20 
29 
16 
15 

21 errors. 
28 
28 
20 
22 

Means. 

Calculated from proba¬ 
ble error=0.05l. 

Average confidence. 

... . 

O 4 10.4^1.0 13 15 19. 3^1.4 21.6JA.1 

4.6-J-1.0 7;2-Jhl.6 10. 7-L0. 8 12. 7T-2.1 14.9-j-2.2 17.2-1-0.9 21. 0.1-1.1 

1.9 0. 9 
1.0 

0.7 
0.7 

0.8 
0.6 O

 O
 

CJ
 C

C 

O
 O

 

0.2 
0.2 1.3 

The numbers in the columns show the number of errors in fifty experiments. With the aver¬ 
age number of errors in a set of fifty we compare the theoretical value of this average as calculated 
by the method of least squares. The number .051 thus obtained in this case best satisfies the mean 
number of errors. The numbers affixed with a sign denote, in the upper row the observed (a 
'posteriori) probable error of the mean value as given, in the lower row the calculated (a priori) 
probable error. The last two lines give the average confidence observed and calculated with each 
variation of the ratios of pressure. It will be seen that the correspondence between the real and 
theoretical numbers is close, and closest when the number of sets is large. The probable errors 
also closely correspond, the observed being, as is natural, slightly larger than the calculated 
probable errors. 

* In the experiments of December, 1883, and January, 1884, the method as above described was not fully perfected 
the most important fault being that the total weight instead of being removed and replaced by a mechanical device, 
was taken off by the operator pressing with his finger upon the beam of the balance. 
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The following is a similar table for Mr. Jastro\v as subject: 

Date. 

Ratios of pressures. 

1.100 l. 080 1. 060 1. 050 1. 040 1. 030 1.020 1.015 1.010 1. 005 

December 10. ;> 19 
December IS. 9 15 

14 
10 
8 
7 

12 
11 

4 
1 
o 
2 
2 

15 
December 17. 23 

17 
14 
13 

6 
10 
11 

10 
11 

.. 

December 20.. 25 
24 
17 
22 
16 
18 
18 
17 
17 
15 

. 

January 10. 
January 15. 
January 22. . 

February 11. 

February 18 .. 
February 24. 8 

13 
13 
14 
11 
14 
12 
11 
10 
11 
9 

12 
7 

16 
17 
19 
21 
17 
16 
16 
15 
17 
18 
15 
15 

March 18. 29 
18 
18 
18 
21 
21 
21 
20 
21 
17 

. 

0 5 14 

Means. 5 9 6.6 19 15.0 11.6 11.4 18.9 16.8 20.5 

It would obviously be unfair to compare these numbers with any set of theoretical numbers, 
since the probable error is on the decrease throughout, owing to effects of practice, etc. For 
various reasons we can conveniently group these experiments into four groups. The first will 
include the experiments from December 10 to January 22, inclusive; the second from January 24 
to February 24, inclusive; the third from March 4 to March 25, inclusive; the fourth from March 
30 to the end of the work. 

The mean results for the different groups are exhibited in the following tables: 

First group. 

[Probable error=0.05.] 

Ratios of Number of 

Average number of 
errors. Average confidence. 

pressures. sets of 50. 

Observed. 
Calculated 

from proba¬ 
ble error. 

Observed. Calculated. 

1.100 
1.080 
1.060 
1.050 
1.040 
1.030 
1.015 

1 
1 
7 
1 
1 
6 
5 

5 
9 

ll.O-t-O.7 
19 
15 
13.8±1.5 
20.8JU1.1 

4.4A1.4 
7.04,1.7 

10. 4J-0. 7 
12.5 ±2.1 
14.74,2.2 
17.0^0.9 
21.0-4-1.1 

0.9 
0.9 
0.85 
0.35 
0.3 
0.5 
0.3 

1.5 
1.2 
0.9 
0.7 
0.6 
0.4 
0.2 

Second group. 

[Probable error=0.0235.] 

1.060 
1.030 
1.015 

5 
5 
5 

2.2A0. 3 
9. 4-i-0. 6 

17. 0-j-0. 3 

2.1-tO. 4 
9. 6-1-0. 8 

16. 6-4-1. 0 

1.0 1.2 
0.55 0. 6 
0. 3 0. 3 

S. Mis. 69-11 

I 
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Third group. 

[Probable error=0.02. ] 

Ratios of 
pressures. 

Number of 
sets of 50. 

Average number of 
errors. 

Average confidence. 

Observed. 
Calculated 
from proba¬ 

ble error. 
Observed. Calculated. 

1. 020 
1.010 
1. 005 

6 
6 
4 

12. 8 A0. 3 
17. 7 A0. 6 
20.7A1-7 

12. 5 A0. 6 
18. 3 A0. 9 
21.6 A1-2 

0.12 
0. 07 
0. 00 

0.12 
0.06 
0.03 

Fourth group. 

[Probable error=0.0155.] 

1. 060 
1.030 
1. 020 
1.015 
1. 010 
1.005 

1 
1 
6 
1 
6 
6 

0 
5 

10. O-j-0.5 
14 
16 
20. 8^0. 4 

0. 8^0. 6 
4.8A1.4 
9. 6^0. 8 

12.8^2.1 
16.5 J-0. 9 
20. 6A1. 0 

1.6 
0.5 
0.1 
0.1 
0. 05 
0. 00 

0.4 
0.2 
0.13 
0.12 
0. 06 

The tables show that the numbers of errors follow, as far as we can conveniently trace them, 
the numbers assigned by the probability curve,* and therefore destroy all presumption in favor of an 
Unterschiedsschwelle. The introduction and retention of this false notion can only confuse thought, 
while the conception of the mathematician must exercise a favorable influence on psychological 
experimentation.! 

The quantity which we have called the degree of confidence was probably the secondary sen¬ 
sation of a difference between the primary sensations compared. The evidence of our experiments 

#In the tables of the third and fourth groups, there is a marked divergence between the a priori and a posteriori 
probable error, for the average number of errors iu 50, making the observed probable error too small. This can only 
be partly accounted for by the fact that the subject formed the uuconscious habit of retaining the number of each kind 
of experiment in a set and answering according to that knowledge. In point of fact the plus errors and minus errors 
separately do not exhibit the singular uniformity of their sums, for which we are quite unable to account. Thus in 
the fourth group we have : 

Number of A and — errors. 

Date. 1.020 1.010 1.005 1 

March 30. 
March 31. 
April 2. 
April 3. 
April 6. 
April 7.. 

—4, A 7 
—7, A 3 
—i, Aio 
—4, A 5 
-6, A 6 
—5, A 9 

-6, Aio 
—5, Aio 

• -8, A 9 
-4, A14 
—8, A 7 
-8, A 7 

-13, A 8 
— 6, A15 
— 8, A13 
—io, aio 
—10, AH 
— 8, A 9 

tThe conclusions of this paper are strengthened by the results of a series of experiments on the color sense, made 
with the use of a photometer by Mr. Jastrow. The object was to determine the number of errors of a given magnitude, 
and compare the numbers thus ascertained with the theoretical numbers given by the probability curve. A thousand 
experiments were made. Dividing the magnitude of the errors from 0 to the largest error, made into 5 parts, the 
number of errors, as observed and calculated, that occur iu each part are as follows: 

Observed. 
Calculated .... 

199 
213 co

 o
r. 

i 
217 213 
209 ! 181 

I 

190 
200 

These numbers would be in closer accordance if the probable error were the same throughout, as it is not owing 
to the effects of practice, &c. Moreover, the experiments were made on different colors—300 on white and 100 each on 
yellow, blue, dove, pink, green, orange, and brown. These experiments were not continuous. 
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seems clearly to be that this sensation has no Schwelle, and vanishes only when the difference to 
which it refers vanishes. At the same time we found the subject often overlooked this element of 
his field of sensation, although his attention was directed with a certain strength toward it, so that 
he marked his confidence as zero. This happened in cases where the judgments were so much affected 
by the difference of pressures as to be correct three times out of five. The general fact has highly 
important practical bearings, since it gives new reason for believing that we gather what is passing 
in one another’s minds in large measure from sensations so faint that we are not fairly aware of 
having them, and can give no account of how we reach our conclusions about such matters. The 
insight of females as well as certain “telepathic” phenomena may be explained in this way. Such 
faint sensations ought to be fully studied by the psychologist and assiduously cultivated by every 
man. 



i 
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DESCRIPTION OF AN ARTICULATE OF DOUBTFUL RELATIONSHIP FROM 
THE TERTIARY BEDS OF FLORISSANT, COLORADO. 

READ AT WASHINGTON, APRIL 20, 1882. 

By Samuel H. Scuddkr, 

Among the remains of animals in my hands found in the ancient lake basin of Florissant are 
about forty specimens of an onisciform arthropod, about a centimeter in length, whose affinities 
have proved very perplexing. This does not result from poorness of preservation, for among the 
numerous specimens apparently all the prominent external features are found completely pre¬ 
served, and even the course of some of the internal organs may occasionally be traced; but it 
presents such anomalies of structure that we are at a loss where to look for its nearest kin. 

It appears to be an aquatic animal. Its body consists of three large subequal thoracic joints, 
and an abdomen about half as large again as any one of them, with occasional indications of a 
feeble division into four segments. These are the only jointed divisions that can be found in the 
body, there being no distinct head. The thoracic segments are so considered because each bears 
a pair of legs, which occur nowhere else. Their dorsal plates are large, flat longitudinally, and 
arched transversely; smooth, and deeply and narrowly notched in the middle of the front margin. 

rig. 3. 

Fig. 2. 

Fig. 1, dorsal view; flg, 2, lateral view ; fig. 3, transverse sectional view of Planoceph- 
alus aselloides from the oligoeene of Florissant, Colorado, restored, and magnified about six diam¬ 
eters. 

The first plate, in which the median notch is more conspicuous and open than in the others, als° 
narrows and becomes more arched in front, so as to form a sort of hood. The legs are very broad 
and compressed, and adapted to swimming, which was apparently their use, as there would be no 
need of such compression to crawl into chinks when the body is so much arched. They consist of 
a femur, tibia, and two tarsal joints, terminated by a single curved claw. The femur is very- 
large, subovate, inserted (presumably- by a coxa) in large cavities, those of opposite sides sepa¬ 
rated by their own width, and situated a little behind the middle of each segment. The tibia is 
also very large and subovate, but more elongated and squarer at the ends, being about twice as 
long as broad, and fringed on the anterior edge byT a row of delicate hairs as long as the width of 
the joint. Of the two tarsal joints, the basal is a little the larger, being both longer and stouter. 
Each is armed at the tip internally with a tolerably stout spine of moderate length, and together 
they are a little longer than the tibia, much slenderer, and quadrate in form. The terminal claw 

87 



88 MEMOIKS OF THE NATIONAL ACADEMY OF SCIENCES. 

is about half as long as the terminal joint. The hind legs are somewhat stouter and the middle 
pair a little shorter than the others; but otherwise they closely resemble each other. 

The different segments of the thorax, as stated, are protected above by the development of 
distinct chitinous plates, the lower edges of which are clearly marked, and extend downward to 
the concealment, on a side view, of the lower part of the body. The abdomen, however, seems to 
have no such specialization of the integument of the upper surface. It is stout, apparently well 
rounded transversely, and tapers to a produced but blunt tip, which is armed with a pair of 
slightly recurved stout claws, two or three times longer than the leg-claws, arranged as if to drag 
the body backward. The abdomen is faintly divided into four segments, often entirely obscured. 
Of these the terminal usually appears shorter than the others, which are subequal. 

These divisions of the body are all that appear to have belonged to the animal; and it is the 
most remarkable fact in its organization that it certainly had no distinct chitinous head. This is 
the more surprising from the clearness with which the thoracic segments are marked. All that 
one can find preserved is what appears to be a ling of buccal plates terminating anteriorly the 
alimentary canal, and which was evidently capable of being thrust forward a long distance beyond 
the body. If it were not for the unusual preservation of the alimentary canal we should be forced 
to consider the head as lost from all the specimens, notwithstanding the nearly perfect preserva¬ 
tion of the other parts; but in several specimens the alimentary tube can be traced with ease half 
through the body, terminating in front in these more or less clearly preserved chitinous plates, 
arranged to form a circle a little smaller than the coxal cavities. What is most remarkable is the 
extension of this alimentary tube and accompanying buccal plates like a proboscis far beyond the 
limits of the body; sometimes forward (apparently through the anterior notch) to a distance in 
front of the first segment equal to half the length of the latter; more often directed downward as 
well as outward, perhaps between the front legs, and occasionally extending beyond the body to 
nearly or quite the entire length of the same. It seems to leave its direct course within the body 
at about the middle of the first thoracic segment, directly in front of which position the buccal 
plates appear in one or two specimens, apparently in the position of repose. The various positions 
in which these buccal plates are found outside the body, both when their connection with the tube 
is traceable and when it is obscure or fails, shows how perfectly movable a proboscis the creature 
possessed. The external parts of the head, then, may be said to have probably been composed 
entirely of a flexible, extensible membrane capable of protrusion as a fleshy proboscis, separated 
by no line of demarkation from the first thoracic segment, and bearing as appendages only a series 
of buccal plates for mouth-parts, and beyond this nothing—neither cranium, eyes, antennae, nor palpi. 
In the absence of eyes, one would naturally look for the development of tactile organs of some sort; 
but nothing of the kind is discoverable on the most careful special search, unless such an office 
may be performed by long delicate hairs which seem, in some few instances, to be scattered dis¬ 
tantly over the projected mouth-tube. 

A special study of the buccal plates in the twenty-four or twenty-five specimens which best 
show them gives no very satisfactory explanation of their form and relations. They have been said 
to form a ring, because in a considerable number they are so arranged; but it may be doubted 
whether this appearance is not due to the flaking of the chitinous parts. Like the lips of the 
notches of the thoracic segments, the buccal apparatus was evidently more dense and thicker than 
other tegumentary parts, for these are darker colored than the other parts and often carbonaceous 
In this condition the central portions seem liable to flake away and leave the thinner edges with 
ragged fragments of the carbonaceous inner portions attached, thus frequently forming a sort of 
irregular ring of dark chitine. On the other hand, it is just as common for fragments to become 
chipped out from the edges, or for rounded bits to fall out here and there, producing thereby an 
almost endless variety of present appearances. Among these it is difficult to trace the clew to the 
original arrangement and form of the plates. One might anticipate that these would have occurred 
around the central orifice of a proboscis; and if anything of this sort was present it would appear 
the most probable (though extremely doubtful) that there were four subtriaugular plates of pretty 
large size, the lateral the larger, nearly meeting by their tips at the center. From specimens, 
however, which are least broken, it would seem quite as probable that the apparatus consisted of 
two attingent or overlapping circular plates, placed transversely, densest centrally, which by their 
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consolidation form an oval rounded mass. How sucli a pair of plates, or compound plates, could 
have subserved any purpose in the procuring of food, I cannot understand, but that such is their 
not unfrequent appearance, especially when seen through and protected by the thoracic shield of 
the first segment, is nevertheless the fact. It is to be hoped that other specimens may set this 
matter at rest.. Those at hand allow no more definite statement than has been made. About 
three-fourths of the specimens of this species show the buccal plates more or less distinctly. In all 
but three they lie outside the body, usually at a distance from it of about half the length of the 
first thoracic segment. In a fourth specimen they lie half protruding at the front edge of the body. 

These buccal plates, as already stated, are the only hard parts of the head, and the only append¬ 
ages. Indeed, the only claim this portion of the body has to be called the head at all is that it is 
certainly the anterior extremity of the digestive canal. On account of this peculiarity of the 
organization of the head, the creature, which is certainly widely different from anything known, 
may be called Planocephalus [7t\avaGo, uepahij), and on account of its onisciform body, Plano¬ 
cephalus aselloides. 

The first impression the sight of this strange headless creature conveys is that of an isopod 
crustacean. But the limited number of legs at once puts its reference to the Crustacea out of 
question, since no abdominal legs at all are present. Even in the parasitic Crustacea, where some 
of the legs are aborted, the same is the case with the segments themselves and with the joints of 
the legs which remain. The clear distinction which obtains between the thoracic and abdominal 
regions, and the limitation of the jointed legs to a single pair on each thoracic segment seems to 
lead one strongly to the conviction that these important elements of its construction place it among 
insects. The structure of the legs and the small tapering abdomen furnished with small anal 
appendages tend to the same conclusion. 

Where among insects it should be placed is more questionable. Thinking it possibly a larval 
form, careful search has been made among all the groups into which it could by any possibility be 
presumed to fall, viz, among the Neuroptera and Coleoptera, but nothing in the slightest degree 
seeming to be related to it could be found, and its conspicuous size rendered it the less probable 
that a kindred form would be overlooked. On account, however, of its apterous character, and 
the discovery in recent years of certain curious types of animals (all of them, however, very minute) 
whose affinities have provoked more than usual discussion, my attention was early drawn toward 
certain resemblances which Planocephalus bears to the Pauropkke among Myriapods and to the 
Thysanura, and here, if anywhere, its affinities seem likely to be found. 

Its passing resemblance to the obtected forms of Pauropoda which Ryder has published under 
the name of Eurypauropodidse is certainly very considerable, especially when it is remembered 
that the young of Pauropoda bear only three pairs of legs. The position of the more mobile part 
of the head of Eurypauropus beneath the cephalic shield is the same that the head of Planoceph¬ 
alus bears to the first thoracic shield; and the mouth-parts in both are confined to a somewhat 
similar circular area; there are no eyes in either, and the legs terminate in a single curved claw. 

On the other hand, not only are antennae of a highly organized character developed in Pau¬ 
ropoda, but the upper portion of the head carries a cephalic shield as large and conspicuous as the 
others; two pairs of legs are developed in the adult on every or nearly every segment of the body, 
and always on the abdominal to the same extent as on the thoracic segments, no abdomen being 
distinct from a thorax as in Planocephalus, but all the joints of the body entirely similar; the legs 
of the Pauropoda are formed ou the myriapodal type, consisting of cylindrical undifferentiated 
joints, while those of Planocephalus are hexapodal in character, having a clearly defined femur 
and tibia, and a two-jointed tarsus conspicuously smaller and shorter than the preceding joints, of 
different form and apically spiued. 

The closer, therefore, we compare these two types the less important seem the points of resem¬ 
blance, and the more important the points of divergence between them; for in the clear distinction 
of the thorax and abdomen, the absence of abdominal legs, and the structure of the legs them¬ 
selves—fundamental features of its organization—Planocephalus clearly belongs to the true hex¬ 
apod type of insects. 

Its probable reference to the Thysanura may be defended on both negative and positive 
grounds. There is no other group of hexapods to which it could be considered as more likely to 
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belong, aud there are some special thysanuran features in its structure, anomalous as it is. Since 
Packard has shown the reasonableness of placing the Symphyla ( = Seolopendrella) of Ryder in the 
Thysanura, with the Collembola and Cinura as co-ordinate groups, the range of the Thysanura has 
been extended, and as a group of equivalent taxonomic value to the larger divisions of winged 
insects it has seemed itself to gain a better ratio vivendi. It is not necessary, therefore, in consid¬ 
ering the relations of Planocephalus to Thysanura as a whole, to limit ourselves to points of com¬ 
parison which it may have to one or another of its subordinate groups, but consider any points of 
resemblance we may find to any of these groups indifferently. The thoracic segments remind us 
not a little of some Cinura, while the abdomen as a whole recalls many of the Collembola, its 
approximated pair of specialized anal appendages being also like the. variously developed organs 
of all Thysanura and unlike anything we can recall in any myriapod. The legs, in the develop¬ 
ment of the basal joints aud in the smaller double-jointed tarsus, are closely related to those of 
some Cinura—built indeed upon the same general pattern, excepting that in Planocephalus they 
are specially developed for swimming. In the claw of our fossil genus we have something decidedly 
thysanuriform. We have heretofore spoken of the two tarsal joints as each armed apically with 
an interior spine; but that of the final joint arises from the base of the curving claw, and takes 
on more or less its direction, though only half as long as it, causing it to resemble very closely the 
smaller digit of the claw of both Collembola and Cinura, which is always inferior to the larger, 
and not infrequently, as in Lepidocyrtus, etc., straight instead of curved. 

Of course, the rudimentary character of the head and the entire obliteration of the cephalic 
plates renders our fossil very distinct from any known type of Thysanura. But these features 
separate it quite as widely from any other group that may be suggested for it, and taking into 
account the considerable development of the thoracic portions, we must look upon Planocephalus 
as in some sense a degraded form, descended from a type iu which the head was developed at least 
to some extent; and this renders it more probable that we have here found its proper place. More¬ 
over when we examine the mouth-parts of Podura, we find them partially withdrawn within the 
head, reduced in external presentation to a small circle at the end of a conical protrusion of the 
under side of the head. Take away the cephalic plates, withdraw the mouth-parts to the same 
protection of the first thoracic segment which they now enjoy under the cephalic dome, imagine 
further that the mouth-parts could be protruded to their original position when covered by a 
cephalic shield, and we have about the same condition of things we find in Planocephalus; indeed 
the extensibility of the mouth parts beyond the thoracic shield seems quite what one might expect 
after the loss of the hard parts of the head; and the mouth-parts of Planocephalus bear much the 
same relative position to the first thoracic shield which those of Podura bear to the cephalic shield. 

Assuming, then, that Planocephalus is a true hexapod, its general relations are certainly with 
the Thysanura rather than with any other group; while the character of the legs, the half devel¬ 
oped double claw, and the anal appendages specialized to peculiar use are characters which are 
positively thysanuran. Add to this that we find iu Podura something in a remote degree analogous 
to the extraordinary mouth-parts of Planocephalus, which we should in vain seek elsewhere, and 
the probability that we find here its nearest allies is rendered very strong; and the more so from 
the diversity of form and type in this group since the addition to it of Scolopendrella. The dis¬ 
covery of a collophore or something homologous to it would, we conceive, be decisive ou the point; 
but the lateral preservation of nearly all the specimens of this fossil, and the obscurity of the base 
of the abdomen in nearly all, not only forbid its determination in those yet found, but render it 
doubtful if it will ever be discovered. 

The position of this group among the Thysanura must be an independent one, between the 
Cinura and the Symphyla, and of an equivalent value to them. For such a group the name of 
Ballostoma is proposed, in reference to the remarkable power it possessed of thrusting forward the 
gullet and mouth-parts. It would be characterized by the peculiarity named, by the lack of any 
chitinous frame-work of the head, the equal development of three thoracic segmeuts developed 
dorsally as shields, and all separated from a cylindrical abdomen, which is armed at tip with a pair 
of hooks for crawling; legs largely developed and with expanded and flattened femora and tibiae, 
the tarsi two jointed. The principal points toward which attention should be directed for the more 
perfect elucidation of its structure are the buccal plates and a possible collophore. 
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THE STRUCTURE OF THE COLUMELLA AURIS IN THE PELYCOSAURIA 
READ OCTOBER 16, 1884. 

By E. D. Cope. 

In a specimen of the Permian reptile Clepsydrops leptocephalns Cope,* the columella auris was 
found nearly in its normal position. It was found lying on the internal side of the normally joined 
squamosal and quadrate bones, the greater part of it within the former, but the distal extremity 
overlapping the superior part of the latter. These elements have lost their attachment to the 
cranium proper, so that the connection of the columella with the latter is not visible. 

The columella is of unusual size as compared with other bones of the skull. Thus while the 
vertical length of the premaxillary bone is M. .060, and its width at the third tooth is .022, and 
while the vertical length of the quadrate bone is .085, the dimensions of the columella auris are 
as follows: 

Length on inside of curve.. 
Greatest diameter just below stapes 

Distal diameters $ .-. 
( short. 

Diameters of head of epicolumella long .. 
short. 

Diameters of disk of stapes long. 
short 

.072 

.021 

.014 

.011 

.017 

.0095 

.029 

.021 

The shaft is slightly curved. The proximal extremity is divided by a fissure which is at right 
angles to the long transverse diameter. The smaller of these divisions is the more prominent, and 
its free extremital angle is formed by the continuous concave edge of the shaft. It bears the same 
relation to the shaft as the head of a rib does to its shaft (Fig. 1). The other proximal division 
occupies the position with reference to the shaft that the tubercle does to the rib. It is much larger 
than the inner head of the columella, and its face looks away from that of the head at an angle of 
120°. Its long diameter diverges from that of the head by an angle of about 145°. Its free surface is 
a wide oval, and is concave, forming a basin-shaped lid to the foramen ovale of the internal ear. It 
thus represents the expanded proximal extremity of the stapes of other vertebrates. The base of 
this stapedial portion is perforated in the direction of its long diameter by a canal. One foramen 
of this canal is situated on the external edge below the external extremity of the oval basin. The 
other foramen issues in a groove, which continues for a short distance on the inner side of the bone 
from the fissure which separates the epicolumella from the stapes. This canal is, no doubt, that for 
the mandibular artery, and represents the foramen of the stapes, which is present in many Mam¬ 
malia (Fig. lee). 

The distal extremity of the shaft is concave, and shows an articular surface of ridges and pits 
• (Fig. 1 c). The coarseness of the latter indicates that the distal element attached at this point was 
cartilaginous, at least at the point of attachment. It will then resemble the corresponding part in 
the Orocodilia and Lacertilia, which connects the columella with the membranum tympani. 

The points above determined as to the structure of this element permit of a number of inter¬ 
esting deductions. 

First. This columella possesses what has not been previously observed in reptiles and. higher 

Proceedings American Philosophical Society, 1884, p. 30. 
93 



94 MEMOIRS OF THE NATIONAL ACADEMY OF SCIENCES. 

vertebrates, an osseous connection, distinct from that formed by the stapes with the foramen ovale 
of the os petrosum. From this it follows that the stapes cannot be regarded as the proximal 
extremity of the visceral arch of which the columella forms a part, as its appearance in other rep¬ 
tiles would lead us to infer. It also lends support to the view of Salensky, which is accepted by 
Fraser, that the stapes is not an ossification of the cartilage of the visceral arch, but is an ossifi¬ 
cation of the tissue surrounding the mandibular artery. 

Second. That the stapes resembles that of the Mammalia, and differs from that of other rep¬ 
tiles in the perforation below its head. 

Third. That it is succeeded distally by a cartilaginous element, as in many other reptiles, which 
is the triangular ligament of Cuvier, and is functionally the analogue, and probably the homologue 
of the malleus of the Mammalia. 

The homology of*the proximal extremity of this columella may now be considered. It cannot 
be the suprastapedial cartilage of Huxley, since that is a superior process of the distal cartilagi¬ 
nous element or malleus. It appears to be unrepresented in the reptilian columella, and I have 
therefore called it the epicolumella* (Figs. 1, Ecol). 

In order to obtain some light on the homologies of the parts of this element, I have compared 
it with the corresponding parts in various species of reptiles and batrachians, several of which 
have been figured by Messrs. Huxley, Peters, and Parker. I have examined the ear bones and 
cartilages of the Heloderma suspectum, and append herewith the result of my observations : 

The columella has the length usual in the Lacertilia, ceasing a short distance proximad to the 
eustachian foramen. The cartilage, which continues in the same straight line, is divided at the 
eustachian foramen, one process passing downwards on its anterior border, the other forming its 
superior border. The posterior branch continues downwards for a short distance and terminates 
in a point, vrhicli is connected by a short ligament with the extremity of the pterygoid bone (Fig. 
2 hi). Immediately exterior to it, a slender, rod-like ligament descends in close contact with it. It 
extends farther, however, reaching the articular bone of the lower jaw immediately posterior to 
the cotylus for the quadrate (Fig. 2 el). Its subsequent course will be mentioned below. It appears 
to be the ligament which Peters has represented as continuous with the descending process of 
the stapedial cartilage, and on which he based his belief in the continuity of the latter with the 
cartilage of Meckel. Its superior connection is, however, not with any part of the ossicula 
auditus, but it can be traced to a point above the external extremity of the exoccipital bone. 

The stapedial cartilage extends beyond the superior edge of the large eustachian foramen to 
the membranum tympani, and is there decurved, extending in contact with it for 2-3 mm. and 
terminating in an acute apex. Near the point where it reaches the membrane it sends a branch 
upwards and backwards (Fig. 2 sst,) the suprastapedial cartilage, which forms a slender rod. The 
suprastapedial reaches inwards, and terminates at a point on the inferior side of the exoccipital 
bone at a point a little within opposite the origin of the inferior branch. It is only connected 
with the horizontal cartilage below it by membrane, and it does not form a fan-shaped plate as 
represented by Peters in Stellio and Huxley in Hatteria. 

The following are the connections of the cartilages with adjacent elements: The distal extremity 
is acuminate and lies for a short distance on. the membranum tympani, where it terminates without 
continuation. From the convexity of the curve formed by the inferior edge of the cartilage where 
it turns upwards, backwards, and inwards to form the suprastapedial, a narrow and weak band 
descends. It passes along the posterior border of the eustachian foramen, and terminates on the 
superior edge of the mandible. As it descends it thins out and becomes undistinguishable as a 
distinct rod or band. The slender rod already described as descending to the mandible from the 
descending process of the cartilage along the inner border of the eustachian foramen is figured by 
Peters in Uromastix spinipes.t He describes “it as a fibrous thread, which was formerly cartilag¬ 
inous and connected the malleus with Meckel’s cartilage.” According to the figure it is not con¬ 
tinuous with the inferior process of the cartilage (“malleus”). In Heloderma suspectum it passes 
anterior to the cartilage, in close contact with it, to a point superior to the suprastapedial process, 

* American Naturalist, 1884, p. 1254. 
t Mouatsbericlite Akademie Berlin, 1874, 44 f. B. 
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and then turns towards the base of the skull. I trace it directly to a foramen on the superior edge 
of the sphenoid. It is clearly the facial portion of the seventh nerve (tensor tympani), as described 
by Fischer and Stannius,* * * § and has nothing to do with the auricular bones and cartilages. The 
only connection, then, with inferior arches which I can detect in this species is the fibrous one with 
the mandible, and I am doubtful of the significance of this. 

It does not seem practicable to recognize the suprastapedial in the epicolumella of Clepsydrops 
leptocephalus.t It would require an excessive shortening of the columella, which might readily be 
the condition of things in Clepsydrops. But it would require that the suprastapedial should be 
ossified, and separated by suture from the remainder of the cartilage. Until some form is found 
in which this cartilage is segmented such a hypothesis has no foundation. The homology of the 
epicolumella with the incus is, on the other hand, almost certain; first, by the evident propriety 
of the exclusion of the stapes from the question, on account of its position, and by the history 
of its origin as shown by Salensky; second, on account of its position relative to both the stapes 
and the malleus. This being the case, the result follows that the doctrine of Peters that the quad¬ 
rate bone is not the incus, as was maintained by Reichert, is the true one.| 

EXPLANATION OF PLATE. 

Fig. 1. Colamella auris of Clepsydrops leptocephalus; internal side. Fig. 1 a, external side; 16, proximal extremity; 
lc, distal extremity ; st., head of stapes; Ecol., epicolumella; d, distal articular surface, especially represented in Fig. 
lc; e e, foramina of stapedial canal. All figures aie half natural size, excepting lc, which is natural size.—From the 
proceedings of the American Philosopnical Society, 1884, p. 46. 

Fig. 2. Auricular bones and cartilages and adjacent parts of Heloderma suspectum Cope,§ twice natural size. Bo., 
basioccipital bone; Exo., exoccipital; Q., quadrate; Hn., mandible; Ft., pterygoid; M. Pt., internal pterygoid muscle ; 
VII, seventh nerve; Col., columella auris; Hst., hypostapedial process of auricular cartilage; Sst., suprastapedial 
process; Est., epistapedial process; HI., hypostapedial ligament; El., epistapedial ligament. 

* Zootomie der Fische, p. 154. 
tSuch a hypothesis is suggested after inspection of Huxley’s figure of these parts in Hatteria, in Anatomy of 

Vertebrated Animals, p. 77, Fig. A. See also American Naturalist, 1884, p. 1253; Proceeds. Amer. Philosoph. Soc., 
1884, p. 41. 

t See Proceedings Amer. Philosoph. Society, 1884, p. 41, where Peter’s view is maintained. 
§ I owe the specimen dissected to my friend Horatio N. Rust, who obtained it on the Gila River, Arizona. 
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ON THE STRUCTURE OF THE RRAIN OF THE SESSILE-EYED CRUSTACEA. 
READ AT WASHINGTON, APRIL 14, 1884. 

By A. S. Packard. 

The following descriptions and notes have grown out of an attempt to compare the nervous 
system, particularly the brain and other ganglia of the head, of the eyeless species of cave-inhabiting 
Arthropods with their out-of-door allies. We have begun with the structure and morphology of 
the brain of Asellus communis Say as a. standard of comparison with that of the blind Asellid, 
Cecidotwa stygia Pack., which is so common in the brooks of Mammoth and other caves and in the 
wells of Southern Indiana and Illinois. Studies of this nature are, it seems to us, well calculated 
to throw light on the origin of the cave forms, and to show what great modifications have been 
produced in these organisms by a radical change in their surroundings; consisting, as it does, mainly 
in the absence of light, and perhaps of the usual food, or at least the usual amount of fopd. 

It is plain enough that the species of Oecidotsea are simply eyeless, slender, depauperated 
Aselli, which have originated from some one. of our out-of-door species within a comparatively 
recent time, at least since the river-terrace epoch of the Quaternary Period. The facts bearing 
upon the general relations of the blind to the eyed Asellidse, and a discussion of the change in 
form of the body and its appendages, and of the causes of the transformation of the species and 
genus, are reserved for another occasion. 

My present purpose is simply to describe and depict the brain and other nerve-centers of the 
head of Asellus communis Say and Cecidotcea stygia Pack. 

I. The brain of Asellus communis. 

The nervous system of the European Asellus aquaticus Linn, has been referred to by Leydig 
and also by Sars, who published a figure of the nervous system as a whole. Leydig’s “ Vom Bau 
des thierischen Korpers ” gives a-careful and comprehensive general account of the nervous system of 
Arthropods, the most complete and authoritative, up to 1864, we possess, supplemented as it is by 
his excellent Tafeln von vergleichenden Anatomic, published in the same year (1864). According to 
Leydig, in the Isopoda (Oniscus, Porcellio) the optic lobes are very large and overlie the cerebral 
lobes. 

In Asellus aquaticus the abundant fat body around the ventral cord belongs to the blood sinus 
which envelops the nervous cord. Of this form Leydig has little to say, remarking that he did not 
examine the entire ventral cord, but only sections, which agree in appearance with those of the 
land wood-lice. 

Sar’s figure of the brain of Asellus aquaticus is drawn on a small scale, is rather indifferent, and 
does not show more than the cerebral lobes and optic nerves. He evidently did not perceive the 
other ganglia. 

Leydig’s valuable figures of the brain of Oniscus murarius show that he did not study the 
nervous centers of the head by means of longitudinal sections, and that he simply dissected the 
brain from above, a dorsal view showing the large optic lobes to be mostly above and in front of 
the smaller cerebral lobes, while the ganglion, e, in his figure 8 (Taf. VI), which he denominates 
nebenlappen, is probably one of the antennal ganglia. The other ganglia of the head he does not 
represent, nor speak of in his Yergleichende Anatomie. 
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The other sketches of Isopod brains by Brandt and Ratzeburg, Rathke, Lereboullet, and Milne- 
Edwards, as well as those in our “ Zoology/’# are drawn on a small scale, are in some cases rather 
indifferently drawn, and only represent a dorsal view, the antennal and those ganglia posterior to 
it being concealed from view in dissecting from above downward.! 

The observations I have made are based on vertical, longitudinal sections kindly made for me 
by Mrs. C. O. Whitman, under the direction of Dr. C. O. Whitman. The sections were thin, clear, 
well-mounted in Canada balsam, in consecutive order, and made from alcoholic specimens, which 
had, however, been kept for several years, though the nervous system had been well preserved, 

THE HISTOLOGICAL ELEMENTS OF THE GANGLIA. 

Unlike the central nervous system of Vertebrates, in which there are but two kinds of nerve 
tissue, viz, ganglion cells and fibers, there are in the Asellidse, as in insects and Decapods, three 
kinds of elements in the brain and other ganglia, viz: (1) ganglion cells; (2) nerve fibers; and 
(3) Leydig’s puntzsubstanz {marksubstanz of Leydig and Rabl-Riickhard/aud especially Dietl), which 
might be called the myeloid tissue or substance. 

(1) Ganglion cells.—These have not, as in the brain of the lobster, a simple nucleus and 
nucleolus, but they usually have numerous, from 10 to 20, nuclei, the nucleolus of each nucleus 
readily receiving a stain and forming a. distinct dark mass. They resemble those of the locust.f 
They are, as a rule, much smaller, however, than in the locust. As seen in most of the sections 
they appear to be spherical, being cut through transversely by the microtome, but as shown by 
Eig. 3a they are of t he usual pyriform shape. In size they are very much smaller than those of 
the lobster and much more uniform in size, very few of the cells being twice as large as those of 
the average size ; as already remarked, the nucleus in the ganglion cells of the American lobster 
are almost uniformly simple and homogeneous, with a single nucleolus. The largest ganglion 
cell of the lobster’s brain which we have found is six times as large as the largest gaugliou cell ot 
Asellus. 

The ganglion cells appear to be entirely unipolar; no bipolar or multipolar cells were observed, 
though special search was made for them. Nothing noticeable was observed in respect to the 
nerve-fibers. The punktsubstanz, marksubstanz or myeloid substance, as we may designate it, dif¬ 
fers in its topographical relations from that of the brain of Decapoda. This myeloid substance, which 
seems to- be peculiar to the worms, mollusks, and especially the Crustacea and insects, has beeu 
most thoroughly studied by Leydig. This is the central finely-grauular part of the brain, in which 
granules have short irregular fibers passing through them. In his Vom Bau des thierischen Korpers, 
p. 89, Leydig thus refers to it: 

In the brain and ventral ganglia of the leech, ofinseets, ana in the brain of the Gastropods (Schnecken ) I observe that 
the stalks (stiele) of the ganglion-cells in nowise immediately arise as nerve-fibers, but are planted in a molecular mass 
or punktsubstanz situated in the center of the ganglion, and merged with thik substance. It follows, from what I 
have seen, that there is no doubt that ilie origin of the nerve-fibers first takes place from this central punktsubstanz. 

This relation is the rule. But there also occur in the nerve-centers of the invertebrates single definitely situated 

ganglion cells, whose continuations become nerve-fibers without the intervention of a superadded punktsubstanz. 

Leydig subsequently (p. 91) further describes this myeloid substance, stating that the gran¬ 
ules composing it form a reticulated mass of fibrillm, or, in other words, a tangled web of very fine 
fibers. 

We at present consider that by the passage of the continuation of the ganglion cells into the punktsubstanz this 
continuation becomes lost in the fine threads, and on the other side of the punktsubstanz the similar fibrillar substance 
forms the origin of the axis-cylinders arranged parallel to one another; so it is as good as certain that the single axis- 
cylinder derives its fibrillar substance as a mixture from the most diverse ganglion cells. 

The myeloid substance in the brain of Asellus is not however differentiated into distinct spher¬ 
ical masses, the punktsubstanzballen of Krieger {Balkan of Dietl) or whitish ball-like masses 

*Fig. 255, Idotcea inorata, and Fig. 25(5, Serolis, drawn by J. S. Kingsley. 
t Since this essay has been prepared I have obtained Dr. Bellonci’s excellent memoir on the nervous system of 

Sphseroma, in which he figures and describes the brain and nervous system in general of that Isopod. 
t Second Keport United States Entomological Commission, ch. xi. The Brain of the Locust, 1880 (PI. xi, Fig, 

3b-3e). 
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which are so characteristic of the brain of the Decapod Crustacea and the insects; and in this 
respect there is probably a wide difference betweeu the brain of Decapoda and Edriophthalinata. 

HISTOLOGICAL TOPOGRAPHY OF THE NERVE-TISSUES. 

(1) The ganglion cells.—These cells form a cortical layer enveloping on all or nearly all sides the 
central myeloid mass. The cells being distinct and more or less loosely arranged readily take a deep 
carmine stain, while the much more dense myeloid mass remains white and unstained. 

The ganglion cells are collected into more or less definite masses, enveloped by connective 
tissue, the latter as it were forming a mesh, inclosing spherical masses of ganglion cells. In a ver¬ 
tical section, such as that represented by Figs. 2 and 3, passing through the anterior and middle part of 
the brain and in the horizontal section (Fig. —), while the ganglion cells are seen to be packed more 
or less solidly around the central myeloid portion, they are also seen to be disposed in more or less 
distinct lobular masses, which are inclosed by connective tissue. Seven or more distinct lobes or 
subspherical masses of these ganglion cells may be distinguished on each side of the brain. 

As seen in Figs. 2 and 3, the uppermost or dorso-frontal lobes are the double sets filling the 
upper or dorsal fissure between the right and left lobes of the brain and marked a and b; b is 
divided into two sublobes, the upper (b1) being small, flattened, and lying on the dorsal and inner 
edge of the central lobe. The third set is a double lobe, cc1; these may be called the dorso lateral 
set; they are more or less connected with the lateral lobes d d\ and the latter with the externo- 
commissural set of lobes (e el). On the dorsal side of the brain near the base of the optic ganglia 
are two sets, one above and one below (g) the base of the optic ganglion; the exact relation of 
these to the others is not very plain from our sections, but they are in front of and external to the 
outer edge of the lobes of the brain. 

The optic ganglion is enveloped by a lobulated mass of ganglion cells exactly like those of the 
brain proper, and these lobes (h i k, Fig. 27) which envelop the myeloid mass cau be distinguished 
from the outer one at the beginning of the outer division of the nerve fibers sent to the eye from 
the ganglion cells. 

(2) The nerve fibers.—The fibersarising from the gaugliou cells form the commissures which 
unite the brain with the suboesophageal and succeeding ganglia; and also the commissures between 
the two cerebral lobes. 

One set of fibres arise in the dorso-frontal group of ganglion cells (Fig. 3, / &), to become lost in 
the myeloid substance. The fibers are seen to pass down, and to form a part of the suboesophageal 
commissure, although we did not trace them to the last abdominal ganglion. Judging from Michel’s 
observations on the commissural fibers of Oryctes nasicornis,* there is little doubt but that in all 
Artliropoda certain nerve-fibers arising in the pro cerebral lobes pass uninterruptedly to the last 
ventral ganglion. 

It will be further seen by reference to Figs. 2, 3 (Asellus), and especially Fig. 27 (Oecidot8ea),that 
the fibers arising from certain of the ganglion cells in lobes c and el pass into the cerebral lobe in 
two directions, some connecting the two lobes, forming the transverse commissure, while others 
pass down and run parallel with the fibers from the dorso-frontal lobes and aid in building up the 
suboesophageal commissures. The latter commissure is also re-enforced by fibers from the lateral 
lobes d dl, e e1. • 

From what we have seen in the sections represented by the camera sketches referred to (Figs. 
2, 3, and 27), and from what is known of the cells and fibers of other Arthropods, there is no doubt 
but that all the ganglion cells give rise to fibers, some of which at least pass directly through or 
above or around the myeloid substance of the cerebral lobes and form the commissures. This 
independence of the myeloid substance appears to be more general in the Asellidte, at least this 
we would infer from Leydig’s statements previously quoted. When we look at Fig. 1, which is a 
composition (drawn, however, with the camera) from the sections represented by Figs. 5 and 8 we 
see that the two main longitudinal commissures pass above the seven post-cephalic ganglia repre¬ 
sented in the figure. Those ganglia are masses of myeloid substance, with a cortical layer of gau- 

* Michels. Beschreibung ties Nervensy steins von Oryctes nasicornis in Larven, Puppeus uud Kiiferzustand. Zeits. 
f. wissens. Zoologie., xxxiv, 641-702. 1880. 
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glion cells, from which fibers arise after passing through the myeloid substance; there becoming 
broken up into a tangled mass of fibrillm, which unite finally to form the fibers constituting 
the nerves of the appendages. Without doubt also a few commissural fibers from the procere¬ 
bral lobes pass into each post-cerebral ganglion so as to afford the means to the cerebral lobes 
(primi inter pares, as happily styled by Leydig) of coordinating the nervous power of the other ganglia, 
their histological aud morphological equivalents. It should be said that although Leydig’s view as 
to the relations of the nerve-fibers to the myeloid substance may be the correct one, yet though it 
may apply to the Annelids, it may not be so general an occurrence in the Arthropods. It seems to 
us, though we are still open to conviction, that the transverse and longitudinal commissural fibers, 
which undoubtedly arise from the cortical ganglion cells, have little or nothing to do with the 
myeloid substance. This latter substance does not exist in the nervous system of the vertebrates, 
and just what its nature and function clearly are in the invertebrates has yet to be worked out. In 
the hands of a skillful and expert histologist, much light will yet be thrown upon this difficult 
subject; certainly the present writer has not the qualifications for the task. His own opinion from 
what little he has seen is, that the myeloid substance is the result of the splitting up into a tangled 
mass of very fine fibrillm of certain of the fibers thrown off from the mono-polar ganglion cells, i.e. 
such fibers as do not go to form the main longitudinal commissures. It should also be borne in 
mind that in the embryo the ganglia are composed of ganglion cells alone, with few if any primitive 
fibers. 

MORPHOLOGY OF THE BRAIN. 

The brain of the Isopods and Amphipods is a syncerebrum, though far less complicated than 
in the Decapoda. It will be remembered that Professor Lankester in his memoir on Apus desig¬ 
nates the simple brain of that crustacean as an archicerebrum, while the composite brain of “ all 
Crustacea, excepting Apus, and possibly some other Phyllopods,” he denominates a syncerebrum. 
In our Monograph of N. A. Phyllopoda, p .403, we adopted the view that the brains of all Crustacea 
except the Phyllopoda and Merostomata were syncerebra, and we divided the syncerebrum into 
three types; adding that the syncerebrum of sessile eyed Crustacea (Edriophthalina) was built on 
a different plan from that of the Decapoda. 

Fig. L has been drawn to give a general view of the nervous centers of the head, including the 
first thoracic segment and its ganglion. It has been drawn with the camera from a number of 
sections, especially those represented by Figs. 5-8, so that it is believed to be approximately 
correct aud not merely a schematic plan. The section passes through the head on one side of the 
oesophagus, which of course is not represented in the sketch; being so near the median line it 
does not involve the optic lobes and eyes, which, especially the latter, are on the extreme side of 
the body, so that these organs could not well be shown in the drawing. The general relation of 
the nervous system to the body walls, to the stomach and the appendages are made obvious in the 
sketch, and their description need not detain us. It should be borne iu mind that the mouth and 
oesophagus open between the mandibles. They are shown in Fig. 5. The end of one of the 
ovarian tubes is seen to overlie the pyloric end of the stomach; it does not pass into the head. 
The drawing of the heart is somewhat diagrammatic, as it was not well shown in the sections, but 
its position is believed to be approximately correct. The sympathetic nerve was not discovered. 

As seen in Fig. 1, the brain or supraoesophageal ganglion is a composite mass or group of 
four pairs of ganglia, *, e., (1) the brain proper or procerebral lobes, (2) the optic ganglia, (3) the 
first antennal, and (4) the second antennal lobes. These lobes are quite separate from each other 
in the Isopoda and Amphipoda as compared with the Decapoda. 

THE PROCEREBRUM OR PROCEREBRAL LOBES. 

These constitute the brain proper, and have been usually called the “cerebrum77 or “cerebral 
lobes.77 As, however, they are not the homologues of the lobes of that name in Vertebrates, either 
structurally or functionally, we would suggest that the ganglion be termed the procerebrum and 
the individual lobes the procerebral lobes, not only in allusion to its position in advance of all the 
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other ganglia, but since it stands as the co-ordinating, regulating ganglion, the first in importance 
of all the ganglia. 

As regards size, the procerebral lobes are more than double that of the other ganglia; they 
bulge out dorsally and backward, so as to conceal from above the antennal and mandibular 
ganglia. Plate 1, Fig. 2, represents a section through the lobes in front of the commissure, 
showing at a, b, the dorso-frontal group of ganglion cells, those nearest the myeloid substance 
sending fibers downward (fb) to form a part of the oesophageal commissure. At Fig. 3, a section 
farther back and passing through the commissure, the fibers are seen to pass directly through the 
myeloid substance along the inner side of the commissure. Fig. 4 represents a still more posterior 
section ; this shows distinctly the origin of the fibers of the transverse commissure (tr. c) from the 
ganglion cells of the upper and outermost portion of the lobes. The commissure is seen to be 
composed of three bundles of fibers—an upper, middle^ and lower or ventral; the space between 
the upper and middle bundles being filled with myeloid substance. 

Yertical sections of the procerebral lobes are seen in Figs. 5 to 8. Fig. 5, which passes 
through the median line of the head, through the mouth, oesophagus, and the median line of the 
stomach, shows the procerebral lobe on one side of the commissure; and, below, the second 
maxillary and maxillipedal ganglia. Fig. 7, passing through one side of the first antennal 
ganglion, shows the procerebral lobe nearly separate from the antennal lobe. Fig. 8 represents a 
section passing through the main commissure and a portion of the procerebral lobe. 

Horizontal sections from the top of the head downwards are seen in Figs. 9 to 18. Fig. 9 
represents a section through the upper part of the procerebral lobes; Fig. 10, through the lobes 
above the transverse commissure; Fig. 11, through the entire procerebrum, near the origin of the 
optic ganglia and optic nerves. 

THE OPTIC GANGLIA AND OPTIC NERVES. 

The eyes being smaller in Asellus than in most other genera of Isopods, particularly Oniscus 
and Porcellio, the forms figured and described by Leydig; the optic ganglion and nerve are also 
much smaller, while the eyes being set farther back on the sides of the head, the ganglion and nerve 
are directed obliquely backward, so that a series of vertico-frontal sections pass through the brain 
before reaching the optic nerve. PI. IV, Figs. 19-21, represent these organs. Fig. 19 shows the 
procerebral lobes, and on the left the optic ganglion and the optic nerve leading to the eye. Fig. 
20 represents a section just behind the procerebral lobes, passing through the hinder edge of the 
cortical layer of ganglion cells. Fig. 21 is an enlarged view of the sam e. The optic lobe is divided 
into two parts, the inner connected with the procerebral lobe, with an abundant supply of ganglion 
cells, while from the smaller, outer division arise the fibers which unite to form the optic nerve, 
which divides at or just beyond the middle into several branches sent to the eyes. These branches 
are seen to end in slightly bulbous expansions among the small retina cells, forming the deep 
brown pigment-mass in which the lenses are imbedded. 

The first antennal ganglia (Figs. 1, 7, and 12).—The relations from a side view to the other parts 
of the brain are seen in Figs. 1, 7, and la. It will be seen that the ganglion is much freer from 
the procerebral lobes than in the Decapoda. It may be seen from above, when looking down upon 
the brain, projecting somewhat in advance of the procerebral lobes, the first antennal nerve arising 
from the upper and anterior side, ascending a little at its origin, and passing horizontally into the 
base of the antenna. Fig. 12 represents a horizontal section through the lobes, showing the gan¬ 
glion cells, the myeloid substance, and the origin of the antennal nerves. 

The second antennal lodes (Figs. 1, 7, la, 14 to 16).—The second antennal ganglion lies directly 
beneath the upper or first antennal lobes, and appears to be slightly larger than the latter, the 
nerves being larger, corresponding to the much larger size of the second antenua. It will be seen 
by reference to Figs. 14 to 16 that the oesophagus passes between the lower part of the lobes, which 
are almost wholly separate. (Figs. 17 and 18, which represent sections just below that represented 
by Fig. 16, are introduced to show the oesophageal commissures and their ganglion cells on each 
side of the oesophagus.) 
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The first subcesopliageal or mandibular ganglion (Figs. 1, 6, 7, 22, 23, md. g.).—This is rather 
larger than either of the antennal ganglia, as its relations to the brain are well seen in the sections 
represented by Fig. 6. By reference to the sections represented by Figs. 5 and 6, it is clearly seen to 
lie directly under the antennal ganglia, and to be separated from the brain proper by the short 
oesophageal commissures. It is therefore the first subcesopliageal ganglion, givin g off but a single 
pair of nerves, those supplying the large tripartite mandibles. 

The ganglion lies in front of the main longitudinal commissure, and in position in front of 
the lower side of the stomach, being situated in an inclined plane, nearer vertical than horizontal 
The sections represented by Figs. 22 and 23 pass through a portion of it, and in them is well seen, 
the mode of origin of the large mandibular nerves. 

The first and second maxillary ganglia.—These are situated widely apart, neither coalescing 
with the other ganglia in front or behind. The first maxillary ganglion (Figs. 1, 8, 22, 23, mx. g.) 
is situated nearer the mandibular than the second maxillary ganglion, as seen in Figs. 1, 22, and 23. 
It lies in an inclined plane, and is much smaller than any of the other postcesophageal ganglia, 
as it innervates smaller appendages. 

The second maxillary ganglion (Figs. 1, 8, 22, 23, mx1 g.) is situated next to the maxillipedal 
ganglion, and like that lies in a horizontal position. It is of nearly the same size but a little 
smaller than the ganglion next behind it, and the commissures connecting it with the maxillipedal 
ganglion are very short. 

The maxillipedal ganglion (Figs. 1, 8, 22, 23 mxp. g.) is a little larger than its near neighbor, the 
second maxillary ganglion, inasmuch as it innervates the large maxillipedes. 

At some distance behind this ganglion and situated in the first thoracic segment is the first 
thoracic ganglion supplying the nerves to the first pair of feet. It is a little larger than the max¬ 
illipedal ganglion. 

The main longitudinal commissures (Figs. 1, 22, 23) pass over the ganglia, and are united in the 
head, except at two points indicated by the clear spaces in the figure, behind which point we have 
not traced it. Sars, however, represents the main longitudinal commissure behind the head as 
double. 

In the section represented by Figs. 22 and 23 the limits of the mandibular and first maxillary 
ganglia are not definite, and they are seen to be connected by a bridge or tract of myeloid sub¬ 
stance. Towards the second maxillary ganglion the fibers in the section are fewer and lower 
together, and are seen in some cases to enter the myeloid substance, but in others to pass over it. 
The ganglion cells of the maxillipedal ganglion are more numerous than those about the myeloid 
mass of the second maxillary ganglion 

From the foregoing facts it will be seen that the brain of the Asellidce is composed of four 
preoesophageal pairs of ganglia, situated at greater or less distance apart from each other, being 
a very loosely constructed syncerebrum compared with that of such Decapods as have been thus 
far examined. The mouth-parts in the Asellidce, if not all Isopoda, are not innervated from a single 
suboesophageal ganglion, but each appendage, beginning with the mandibles, is supplied by a nerve 
arising from a separate ganglion. Thus there are eight ganglia of the first order in the head of 
these Isopods, our observations not referring to any secondary ganglia, which may or may not exist 
in connection with the brain or sympathetic nervous system. It will be remembered that in the 
Decapods, the lobster for example, the brain innervates the eyes and antennae, while the only other 
ganglion in the head is the subcesopliageal, from which the mouth appendages are all innervated; 
thus there are but two nerve-centers in the head of adult Decapods; the suboesophageal ganglia 
being concentrated probably during embryonic or larval life. 

II. The brain of the eyeless form C^cidotasa. 

It is a matter of great interest to know just what, if any, changes take place in the brain or 
nerve-centers of the head of the eyeless forms related to Asellus; whether the modification is 
confined to the external parts of the eye, or to the optic lobes and nerves alone. 

It is well known that a blind Asellus-like form is abundant in the brooks and pools of Mam¬ 
moth and other caves in Kentucky and Indiana, as well as in the wells of the cavernous and adjacent 
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regions. The foregoing observations on the brain and eyes of the common Asellus of our brooks and 
ponds were made to afford a basis of comparison with the similar parts in the eyeless form. 

Csecidotsea in its external shape is seen to be a depauperate Asellus, with the body, however, 
much longer and slenderer than in the eyed form, and with slenderer appendages. It is not usually 
totally eyeless. In a number of specimens from a wrell at Normal, Ill., kindly sent us by Mr. 
S. A. Forbes, a minute black speck is seen on each side of the head in the positions of the eyes of 
Asellus, just above the posterior end of the base of the mandibles. In some specimens these black 
dots are not to be seen; in others they are visible, but fainter than in others. In twelve specimens 
which I collected in Shaler’s Brook in Mammoth Cave I could detect no traces of eyes, and infer 
that most, if not all, the Mammoth Cave specimens are totally eyeless. It t hus appears that differ¬ 
ent individuals have eyes either quite obsolete, if living in caves in total darkness, or, if living in 
wells, with eyes in different degrees of development up to a certain stage—that represented by 
black dots—wdiicli, however, are so easily overlooked, that we confess, after handling dozens of 
specimens, we did not suspect that the rudimentary eyes existed, until our attention was called to 
them by Dr. C. O. Whitman when he sent the slides. The European Gcecidotim forelii is also said 
to be blind. The specimens we received through the kindness of Professor Forel, which were, 
unfortunately, dried and spoiled, seemed to be entirely eyeless, though special search was not 
made for the eye-specks. 

It will be seen that the eyeless Csecidotaea differs from Asellus as regards its brain and organs 
of sight, in the complete loss of the optic ganglion, the optic nerve, and the almost and sometimes 
quite total loss of the pigment-cells and lenses. 

After a pretty careful study of numerous vertical sections of the brain of Gcecidotcea stygia as 
compared with that of Asellus communis we do not see that there are any essential differences, ex¬ 
cept in the absence of the optic ganglia and nerves. The proportions of the procerebral lobes, of 
the ganglion cells, their number and distribution, the size of the transverse and longitudinal com¬ 
missures are the same. The head and brain as represented is smaller than in Asellus, the form 
itself being considerably smaller. 

Fig. 25 represents a section through the middle of the procerebral lobes, which may be com¬ 
pared with that of Asellus, Fig. 4. Another section a little posterior is represented by Fig. 20. 
Fig. 27 is an enlarged view of a section still further back, which shows that there is little, if any, 
difference between the brain at this point and that of Asellus represented by Fig. 3. In this sec¬ 
tion it is easy to see that the ganglion cells on each side of the procerebral lobes send fibers 
directly through the myeloid mass to form the transverse commissures. The section at this point 
does hot show the fibers arising from the fronto-dorsal group of ganglion cells; but traces of them 
are seen in Fig. 28, which represents a section corresponding to that indicated by Fig. 3. 

Careful examination of the sections passing behind the procerebral lobes and oesophageal com¬ 
missures failed to show any traces of the optic ganglion of either division, or of the ganglion cells 
and myeloid substance composing it. Every part connected with the optic ganglia seems to be 
totally abolished. The same may be said of the optic nerve throughout its length. The amount 
of time spent in examining the numerous well cut, thin, and beautifully mounted sections made by 
Dr. Whitman, or under his direction, enables us to affirm positively that the entire nervous portion 
of the optical organs are wanting. And we are glad to add that Dr. Whitman also observed to us 
the absence of the optic nerves. 

With the eye itself it is different. The modification resulting from a life in total darkness has 
left traces of the eye, telling the story of degeneration and loss of the organs of sight, until but 
the merest rudiments of the eye remain as land marks pointing to the downward path in deg¬ 
radation and ruin taken by the organs of vision as the result of a transfer to a life in total or par¬ 
tial darkness, as the case may have been, in the well-inhabiting or cave-dwelling individuals. 

Fig. 29 represents a section through the head of Ccecidotcca stygia behind the procerebral lobes 
and oesophageal commissures, showing the absence of any traces of the optic ganglia or optic nerves, 
but indicating the rudiments of the eye, showing that the pigment mass of the retina and the 
lenses exist in a very rudimentary condition, while the optic nerve and ganglion are entirely 
aborted. 

S. Mis. 69-14 
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Figs. 30 and 31 represent enlarged views of the rudimentary eye of two different specimens of 
C. stygia from Mammoth Cave. In the sections represented by Fig 30 ab we see that the number 
of facets has been reduced apparently to two (b), the rudimentary lenses being enveloped by a 
black pigment mass. This section, examined by Tolies’} A, is magnified and drawn to exactly the 
same scale as that of the eye of Asellus represented by Fig. 21. In that figure may be seen the 
normal size of the lenses and of the retina cells. It will be seen that in Coecidotica the retina cells 
are broken down and have disappeared as such, and that the rudimentary lens (or the hyaline 
portion we suppose to be such) which the retinal pigment incloses is many times smaller than in 
the normal eye of Asellus. 

On comparing the eyes of the two specimens as shown in Figs. 31 a and 32a, it will be seen 
that the eyes in one are considerably larger than in the other specimen. Fig. 32b shows that in 
the eye of thD individual there were at least four lenses, if not more, not included in the section. 
At the point indicated .by 32d on the edge of the eye one lens is indicated (though the divisions 
are wanting), not wholly concealed by the pigment of the retina; a more magnified view is seen 
at Fig. 32e. The four sections a-d passed through the eye, the section in front and behind not 
touching the eye itself. 

It thus appears from the observations here presented that the syncerebrum of the blind Cueci- 
dotrna differs from that of the normal Asellus in the absence of the optic ganglia (both divisions) 
and the optic nerves, while the eyes are exceedingly rudimentary, the retinal cells being wanting; 
the black pigment mass inclosing very rudimentary minute lens-cells, which have lost their trans¬ 
verse zonular constriction or division; the entire eye of Omcidotaea finally being sometimes wanting, 
but usually microscopic in size, and about one-fifth as large as that of the normal Asellus. 

The steps taken in the degeneration or degradation of the eye, the result of the life in dark¬ 
ness, seems to be these: (1) the total and nearly or quite simultaneous loss by disuse of the optic 
ganglia and nerves; (2) the breaking down of the retinal cells; (3) the last step being, as seen in 
the totally eyeless form, the loss of the lens and pigment. 

That these modifications in the eye of the Csecidotsea are the result of disuse from the absence 
of light seems well proved; and this, with many parallel facts in the structure of other cave Crus¬ 
tacea, as well as insects, arachnids, and worms, seems to us to be due to the action of two factors: 
(a) change in the environment; (b) heredity. Thus we are led by a study of these instances, in a 
sphere where there is little, if any, occasion for struggling for existence between these organisms, 
to a modified modern form of Lamarckianism to account for the origination of these forms, rather 
than to the theory of natural selection, or pure Darwinism as such. 
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EXPLANATION OF PLATES. 

Plate I.—Asellus communis. 

Fig. 1. Longitudinal section through the head on one side of mouth and msophagus, showing the brain or procerebrum 
(p cm), first and second antennal ganglia; mandibular, first and second maxillary, the maxillipedal ganglia 
and nerves passing to the antennse and mouth-parts X 1£ inch A. 

Fig. 2. Section through the procerebral lobes in front of the optic nerves X i A. 

Plate II.—Asellus communis. 

Fig. 4. Section of the procerebrum posterior to Fig. 3, X | A. 
Fig. 3. Section through procerebrum and main commissure X £ A, 3a, ganglia cells from lobe b. X & C. 
Fig. 5. Section through the median line of the head, involving the oesophagus and one of the procerebral lobes. 
Fig. 6. Section through the head. X | A. 
Fig. 7. Section of the head passing through one side of the first antennal ganglion and showing the origin of the first 

antennal nerve; also the second antennal ganglion, and mandibular ganglion (md.g) X i A. 
Fig. 7a. Section passing near 7 and through the main commissure. 

Plate III.—Asellus communis. 

Fig. 8. Section passing through the main commissure from the procerebral to the 1st pedal ganglion. 
Fig. 9-18. Horizontal sections from the top of the head downwards X 1 A. 
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Plate IY.—Asellus communis. 

Fig. 19. Transverse section of the head through the procerebral lobes and through the eyes and optic nerves and com¬ 
missures X 5 A. • 

Fig. 20. A section hack of the procerebrum passing through the optic ganglion, optic nerve and eye. 
Fig. 21. Same section as in Fig. 20, enlarged X } A, rc, retinal cells; op, n, optic nerve; h, i, k, masses of ganglion cells. 
Fig. 22. Horizontal section through the main commissures and the first and second maxillary ganglia, and maxillipedal 

ganglia, and showing the origin of the mandibular nerves. X i A. 
Fig. 23. The same section as in Fig. 22, enlarged. X iA. 

Plate Y.—C^ecidotasa stygius. 

Fig. 25. Transverse section through the procerebrum and commissures. X I A. 
Fig. 26. Section a little posterior to that of Fig. 25. X i A. 
Fig. 27. Enlarged sketch of section still farther back. X i A. 
Fig. 28. Enlarged sketch of section still farther back. X I A. 
Fig. 29. Section behind procerebrum and showing the rudimentary eye, but entire absence of the optic ganglion and 

optic nerve. 
Fig. 30. Section through the eye. X } A. 
Fig. 31. Section through the eye of another individual. X } A. c, lens. X }c. 
Fig. 32. Section through a ventral ganglion. 
Fig. 33. Section through a ventral ganglion. 
Fig. 34. Section through a ventral ganglion under the stomach. 
Fig. 35. Section through a ventral ganglion under the stomach. 

Note.—All the figures drawn by the author with the camera lucida. 
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